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ABSTRACT
We have studied the kinetics of copper chemical vapor deposition (CVD) for 
interconnect metallization using hydrogen (H^ reduction of the Cu(hfac)2 
(copper(II)hexafluoroacetylacetonate) precursor. Steady-state deposition rates were 
measured using a hot-wall microbalance reactor. For base case conditions of 2 Torr 
Cu(hfac)2, 40 Torr H2, and 300 °C, a growth rate of 0.5 mg cm'2 hr'1 (ca. 10 nm min'1) 
is observed. Reaction order experiments suggest that the deposition rate passes through 
a maximum at partial pressure of 2 Torr of Cu(hfac)2. The deposition rate has an 
overall half-order dependence on H2 partial pressure. The product H(hfac) inhibits 
the reaction.
A Langmuir-Hinshelwood rate expression is used to describe the observed 
kinetic dependencies on Cu(hfac)2, H2, and H(hfac). Based on the rate expression a 
mechanism is proposed in which the overall rate is determined by the surface reaction 
of adsorbed Cu(hfac)2 and H species.
Additionally, the role of alcohols in enhancing the deposition rate has been 
investigated. Addition of isopropanol results in a six-fold enhancement to yield a 
deposition rate of 3.3 mg cm'2 hr'1 (ca. 60 nm min'1) at 5 Torr of isopropanol, 0.4 Torr 
Cu(hfac)2, 40 Torr H2, and 300 °C. Ethanol and methanol give lower enhancements 
of 1.75 and 1.1 mg cm'2 h r1, respectively. A mechanism based on the ordering of the 
aqueous pBC, values of the alcohols is proposed to explain the observed results.
Lastly, we have built a warm-wall Pedestal reactor apparatus to demonstrate 
copper CVD on TiN/Si substrates. The apparatus includes a liquid injection system for
x
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transport of isopropanol-diluted precursor solutions. At optimized conditions of 
precursor and substrate pre-treatments, we have deposited uniform films of copper on 
TiN/Si substrates at an average deposition rate of 3.0 mg cm'2 hr'1 (ca. 60 nm min'1).
xi
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CHAPTER 1 
INTRODUCTION
This chapter introduces the reader to the deposition of copper films by the 
chemical vapor deposition technique for VLSI (Very Large Scale Integration) 
applications in the microelectronics industry. As a starting point, the reader is first 
introduced to the role played by metals in the microelectronics industry. Demands on 
metallization technology for making integrated circuits (ICs) are discussed, followed by 
current practices and their shortcomings for the next generation of technology. The use 
of copper as an alternative has been proposed. The salient features of copper deposited 
by the chemical vapor deposition technique are shown. This is followed by a brief 
discussion of the precursors available for deposition. The introduction leads to the path 
along which research has been directed in this dissertation.
1.1 Metals in the microelectronics industry
Metals are used in microelectronics as a means of supplying power and 
transmitting information. Metals are required to connect the miniature electrical 
components like transistors, capacitors, resistors, and diodes patterned on the silicon 
wafers that go into the making of an IC. The application of metals and metal-like 
layers is called metallization. For the MOS (Metal Oxide Semiconductor) technology 
metals like Aluminum (Al), Tungsten (W), Titanium (Ti), Tantalum (Ta) are commonly 
used. Metal-like layers include polysilicon, silicides of Ti, Ta, and Platinum (Pt), and 
Titanium Nitride (TiN).
The manufacture of a typical IC involves as many as 100 - 300 steps, and can 
include a large number of layers of metals and other materials stacked one above the
1
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other. Hence, metallization schemes are classified according to the function they 
accomplish. The property of the material dictates its application. Physical properties 
such as melting point, resistivity, diffusion coefficient, and adhesion are important. 
Chemical properties of significance include its ability to be deposited selectively, 
corrosion resistance, and ease of etching. The typical metallization schemes in the 
manufacture of a MOS transistor are as follows:
Gate metallization is used in the formation of the transistor gates. Currently 
doped polysilicon with or without a silicide cap is commonly used for gate 
metallization. WSi2, TaSi2 or TiSi2 are usually used for capping. Since gate formation 
comes early in the sequence of manufacturing steps, the metallization has to withstand 
subsequent high temperature anneals and oxidizing steps. Hence high melting point and 
oxidation resistance are required qualities.
Contact metallization is used to form a low resistance contact layer between the 
first metal layer and the doped source and drain. Typical contacts include Al, PtSi, 
TiSi, TiW, and doped polysilicon.
Interconnect metallization is used for connecting the devices on the IC itself, and 
for global connections leading out of the IC. The metal of choice is Al and Al-Cu 
alloys, usually in conjunction with a diffusion barrier (see below). Since interconnect 
lines are very thin and run over extensive lengths, low resistivity, and high tolerance 
to electromigration (see below) are important requirements.
Diffusion barriers serve to prevent the diffusion of metal lines into adjacent 
regions. For example, diffusion of an interconnect metal into a thin gate can lead to
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
formation of metal spikes and cause electrical shorts. TiW and TiN are used 
extensively as diffusion barriers.
Via fills are metal plugs used to connect interconnect lines running over adjacent 
levels (see metallization technology below). W and Mo are the metals of choice. 
Conformality of deposition and the ability to fill holes of large length to diameter ratio 
(aspect ratio) is important.
1.2 Demands on metallization technology
A constant demand on the metallization technology is the need to make faster 
and more reliable ICs. This calls for higher switching frequencies and low power 
requirements. This can be achieved by improvements in the device feature size and by 
using better materials combined with a more reliable technology.
Feature size. Enhancement in the performance and speed of ICs can be 
achieved by reducing the device feature size and thereby the overall size of the IC. 
Current device feature size for high volume DRAM circuits (Dynamic Random Access 
Memory) is in the range of 0.35 - 0.25 ^tm. ASIC (Application Specific Integrated 
Circuit) design rules for m aking logic circuits currently have a feature size of 0.5 /iin.
Materials. An alternate way of achieving fast transistors was thought to be the 
use of better substrate materials like gallium arsenide (GaAs) as compared to Si. 
However, the overall speed of large, high density chips is not limited bv transistor 
speed, but bv the metal lines or the interconnects that connect them TSinger 19941. 
More specifically it is the resistance of the conductors (metal lines) and the capacitance 
of the insulators (dielectric films) that together cause what are known as RC time delays
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that limit chip speed. The future of IC manufacture relies heavily on interconnect 
materials with lower resistance and lower capacitance dielectric materials.
Metallization technology. The demand on better performance of IC devices has 
also led to the use of complex, multi-level metallization (MLM) structures. As the chip 
complexity increased, primarily due to shrinking device size, the area occupied by the 
interconnect lines eventually exceeded the geometric area available on the chip. This 
prompted the use of multi-level schemes where metal layers are stacked on top of one 
another, instead of being in the same plane.
Typically the first level provides circuit interconnections while the higher levels 
provide power distribution. This simplifies the chip layout. It also facilitates the 
addition of more devices and improves performance by cutting down the metal lines, 
and thus interconnect delays. The down side is the increasing requirement of 
planarization, conformal deposition, and the ability to fill holes with large (>  3:1) 
aspect ratios.
Using the present technology ASIC designs with minimum feature size of 0.5 
fim  have been integrated into production lines using four layers of metal. The National 
Technology Roadmap for semiconductor manufacture predicts that devices with critical 
dimensions of 0.25 nm will be wired with five or more interconnect layers by the 
year 2001.
1.3 Interconnect technology
Al, W, and Cu are the primary materials of interest for metallization. Currently 
most of the interconnects are made of sputter-deposited Al, or its alloy comprising of 
Al, Si, and Cu. Due to its low resistivity, good adhesion to dielectric, overall
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compatibility with semiconductor processing steps, and a long history of experience and 
information, Al continues to remain the metal of choice.
1.3.1 Aluminum interconnects
However, aluminum metallization suffers from a major disadvantage when it 
comes to sub-micron line width devices. As interconnect width (feature size) decreases, 
current density increases, and at higher current densities metal atoms themselves move 
along the direction of electron flow. This phenomenon is called electromigration and 
can result in breakdown of electrical connections, or bridging of conductor lines where 
isolation is required.
High current density also leads to stress induced voidage in the metal line. The 
metal removed tends to build up elsewhere, and this lateral extrusion can result in 
adjacent lines touching each other and leading to a short circuit. Metals with higher 
melting points show a higher resistance to failure by these two mechanisms. The low 
melting point of Al (660 °C) makes it susceptible to the above two failure modes.
This has prompted the use of Al alloys instead. The alloys of Al have a much 
higher resistance to the failure modes described above as compared to the pure metal. 
Alloys of Al (4 % Cu, 1 % Si, remaining Al) are being used for line widths down to
0.5 /im to increase resistance to failure. Additionally, depositing homogeneous alloys 
of Al using different techniques like diffusion of Cu through the Al layer, and 
simultaneous chemical vapor deposition of Cu and Al [Kondoh 1994] are being studied. 
However, the CVD films are very rough and the resistivity of the Al alloy is higher as 
compared to Al.
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Additionally, the preferred line of sight techniques like sputter deposition used 
to depositing Al are unable to fill high aspect ratio holes successfully. Preferential 
deposition takes place on the walls of the via, as compared to the bottom, leading to 
formation of voids or keyholes. This results in loss of electrical continuity. Hence 
although tungsten (W) has a higher resistivity than Al, CVD W is increasingly used in 
contact metallization to fill contact and via holes. As vias make contact between intra­
level interconnect lines they extend over small vertical distances. Hence, the higher 
resistivity does not severely hinder device performance. The higher resistivity however 
prohibits the use of W as interconnects in the higher metallization levels where long 
metal lines are needed.
In the face of smaller feature sizes and high density ICs requiring rigorous 
demands on resistivity and conformal deposition of high aspect ratio vias, it appears 
that the role of Al in the future will be limited. The phaseout is expected to be gradual. 
Copper is being seen as the most promising alternative to Al for contact and 
interconnect metallization.
1.3.2 Role of copper
Table 1.1 lists some of the important properties of Cu. The property which 
makes Cu extremely useful in the microelectronics industry is its low resistivity (63% 
and 30 % of Al and W, respectively). Additionally, the higher melting point and 
modulus result in a resistance to electromigration and stress voidage which is an order 
of magnitude higher than that of Al. Cu also displays the ability to be deposited 
selectively on certain substrates. It can be deposited with excellent step coverage and

















Table 1.1 Comparison of properties of metals for use as interconnects
Property Copper Aluminum Tungsten Silver Gold
Melting point (°C) 1085 660 3387 962 1064
Resistivity (/ifl-cm) 1.67 2.66 5.65 1.59 2.35
Young’s Modulus (x 10'“ ) dyne/cm2 12.98 7.06 41.1 8.27 7.85
Thermal Conductivity (Wcm1) 3.98 2.38 1.74 4.25 3.15
Coeff. of thermal expansion x 106 (C 1) 17 23.5 4.5 19.1 14.2
Corrosion in air high low low high very low
Adhesion to Si02 poor good poor poor poor
From Murarka 1993, p 203
is one of the few low resistance metals that is thought capable of filling high aspect 
ratio contacts and vias.
Drawbacks of copper metallization. Besides issues of reliability in actual 
circuits, copper has not been readily integrated into IC fabrication processes for reasons 
given below. Possible solutions are also mentioned.
1. Incompatibility. Copper is incompatible with some other well established 
materials used in IC manufacture. For example, Cu has a high diffusion coefficient in 
both Si and Si02. Copper present in the Si lattice forms deep acceptor level traps in 
the energy gap of silicon resulting in a reduction of the minority carrier lifetime. 
Copper is also highly reactive and is readily oxidized.
The interactions of Cu with the surrounding materials can be minimized by the 
use of diffusion barriers like TiN, Ta, Ti, and TiW. The best studied barrier layer is 
TiN. Besides being chemically and thermodynamically stable, it acts as an 
impermeable barrier for Si diffusion and has a high activation energy for the diffusion 
of metals. This results in a low barrier thickness to assure device reliability. TiN also 
displays one of the lowest resistivities for barrier layers.
2. Etching capabilities. Blanket deposition of metal needs a process whereby 
metal can be etched out from extraneous regions using masks. There is a lack of an 
anisotropic, low temperature process for etching Cu metal at reasonable rates. Etching 
of metal using a chlorine plasma at room temperature is a standard process in the 
semiconductor industry. Isotropic etching of copper as copper chloride in a plasma 
reactor yields etching rates of the order of 1 x 10"2 fim  m in1 which are not acceptable. 
This is because the product CuCl2 is not volatile at typical plasma etching temperatures.
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Farkas [1991] devised a modification to the above process by generating CuCl 
and then reacting the CuCl with an electron-donating species, typically a Lewis base 
(alkyl phosphines). The etching was done at 25 to 150 °C. The etch rate reported was 
1 nm  m in1.
Norman [1991] reported Cu CVD using a Cu1 precursor (see section 1.5) 
namely, Cu(hfac)(VTMS) (where H(hfac) =  l,l,l,5,5,5,-hexafluoro-2,4-pentanedione 
and VTMS =  vinyltrimethylsilane). They also reported a complementary etching 
process wherein they could etch deposited Cu by the addition of the H(hfac) ligand. 
Etching rates of about 5 n m  nun1 were reported.
1.4 Chemical vapor deposition
There are quite a few techniques to grow Cu films. The salient features of the 
deposition techniques available are given in Table 1.2. Chemical Vapor Deposition 
(CVD) offers good step coverage and the ability to fill high aspect ratio holes. It gives 
films that have a resistivity approaching that of bulk Cu. Deposition rates at 
moderately high temperatures are comparable to the other techniques. Additionally, 
selective CVD is possible and can be used to deposit Cu on metals and metal-like layers 
and not on oxides.
It is clearly seen that CVD becomes a very strong contender as more stringent 
requirements of lower line widths, uniform deposition on entire chip, high conformity 
at steps, and blanket deposition in plugs and vias need to be satisfied for future devices. 
Additionally, CVD is used for deposition of other materials too. About 20 CVD 
processes are needed to produce a 4 Mb DRAM chip [Hieber 1989]. The materials 
deposited by CVD include Si, Si02, doped glasses, Si3N4, W, and WSi2.

















Table 1.2 Comparison of techniques for deposition of copper
Property CVD PVD
Step coverage good fair
Via-filling capability good poor
Resistivity (/ill-cm) 2>2 1.75-2.0
Deposition rate (nm m in1) -1 0 0 £100
Process Temperature (°C) -2 5 0 25
Impurities C ,0 A t
Environmental impact good good





2.6 - 2 - 2
- £100 £200
1085 0-60 25
- seed layer -
good poor poor
o
1.5 Copper CVD precursors
CVD deposition reactions include oxidation, hydrolysis, pyrolysis, reduction, 
and disproportionation of the precursors [Besmann 1988]. For many of the deposited 
materials metal organic precursors are replacing standard inorganic starting materials. 
Some of the major reasons for this shift include lower deposition temperatures and 
better step coverage, both of which come from the ability to engineer the molecular 
structure of the starting precursor. High thermal stability and volatility are the other 
important considerations in selecting a particular precursor for CVD.
The precursors for Cu CVD studied actively are mostly metal organic 
complexes. Two of the most promising reaction chemistries that have emerged for 
copper CVD are compared in equations 1.1 and 1.2. The highest deposition rates have 
been achieved using the disproportionation of various Cu^mono-^-diketonates, notably 
Cu(hfac)(VTMS) [Hampden-Smith 1994]. These precursors contain one singly charged 
(hfac) ligand strongly bonded to the central copper atom, and a second neutral (VTMS) 
ligand that is weakly bonded as shown in Figure 1.1. These precursors react via a 
disproportionation reaction as shown below:
2 Cum(hfac)(VTMS) -  Cu(0) +  Cu^Chfac^ + 2 VTMS [1.1]
H(hfac) =  l,l,l,5,5,5,-hexafluoro-2,4-pentanedione
VTMS =  vinyltrimethylsilane















Figure 1.1 Precursors for copper CVD
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The alternate route is based on the reduction of Cu(mbis-/3-diketonates, notably 
Cu(II)(hfac)2. They contain two singly charged ligands attached to the copper atom (see 
Figure 1.1). The reduction reaction is shown below:
Cu(in(hfac)2 +  H2 Cu(0) +  2H(hfac) [1.2]
The Cu™ precursors are generally more stable and somewhat easier to handle 
than the Cu(I) compounds. This is essentially due to the high co-ordination number of 
4 for the central Cu atom in Cu(hfac)2 (see Figure 1.1). This prevents agglomeration 
of the molecules. Additionally, the /3-diketonate ligand is known to impart volatility 
to metal organic complexes particularly when fluorinated, as a result of reduction in van 
der Walls forces and hydrogen-bonding between precursor molecules. Thus the ligand 
environment in Cu(hfac)2 minimizes its reactivity under ambient conditions. This leads 
to improved shelf life and reproducible transport rates. However, it also leads to the 
precursors being less labile, resulting in slightly higher deposition temperatures than the 
Cum precursors.
1.6 Current research
This research has used H2 reduction of Cu(hfac)2 for depositing thin Cu films 
by CVD. Although this chemistry gives slower rates, it continues to be of interest for 
the reasons shown above. Additionally, the bis-/?-diketonate (type II) compounds of a 
large number of metals can be readily made. Hence the H2 reduction of these 
compounds to their respective metals is a widely applicable technique. In contrast the 
mono-/3-diketonates (type I) are limited to a few metals only. More importantly, the
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study of Cu(II,(hfac): reduction kinetics should improve our understanding of the 
CufI)(hfac)(YTMS) disproportionation reaction, since both pathways are likely to involve 
adsorbed Cu(hfac) and (hfac) ligands [“Borgharkar 1997].
Alcohol-assisted CVD. Concern over low growth rates may be partially 
mitigated by reports that the kinetics may be enhanced by using H ,0 or alcohols as co­
reactants [Awaya 1993, Pilkington 1991]. The current research aims to quantify these 
enhancements and determine the role of alcohols in enhancing the deposition rate 
[bBorgharkar 1997].
Solution-delivered CVD on TiN barrier layer. The study of the role of alcohols 
on Cu CVD is taken further in this research by the development of a liquid-injection 
technique. Liquid delivery has the distinct advantage of uniform and well controlled 
transport rates of the precursor as compared to solid evaporation. Thus, dissolution of 
the Cu(hfac)2 precursor in the alcohol and introduction of this solution into the reactor 
allows the study of alcohols on the deposition rate, and enables the integration of a 
precursor transport technique that is industrially attractive.
The final goal of this research is to successfully deposit Cu on TiN barrier layer. 
This is important from an industrial point of view. The current research aims to study 
the effect of operating conditions on the deposition rate using solution-delivery of 
alcohol diluted precursor solutions [Griffin 1997].
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CHAPTER 2 
LITERATURE REVIEW
This chapter reviews the important papers that are pertinent to the current 
research. As shown in the previous chapter the focus of the current research is aimed 
at two major issues, namely understanding the mechanistic behavior of the H2 reduction 
of Cu(hfac)2, and alcohol-assisted CVD. In section 2.1 the work on Cu(hfac)2 reduction 
using H2 is presented. This includes the early qualitative work followed by the kinetic 
and mechanistic studies. In section 2.2 reported enhancements in deposition rates using 
additives like alcohol and water are shown.
2.1 H2 reduction of Cu(hfac)2
This section presents some of the early work on Cu(hfac)2 reduction using H2 
gas followed by the kinetic and mechanistic studies. Van Hemert [1965] first 
demonstrated the deposition of Cu from Cu(EQ compounds using H2 reduction. In 
recent years the contributions of Temple [1989], Awaya [1989], and Kaloyeros [1990] 
have been important. The earliest comprehensive kinetic and mechanistic study of this 
reaction was first reported by Lai [1991] and was expanded by Wang [1995]. Other 
work has been reported by Awaya [1992] and Kim [1993].
2.1.1 Early work
Van Hemert IT9651 reported the earliest work on Cu CVD using 
Cu(hfac)2-H20 . The research was aimed at developing volatile chelates for gas 
chromatography of metal cations. Films were deposited on a heated substrate in a 
warm-wall, horizontal tube reactor using H2 as a reducing agent. The reaction was 
carried out at atmospheric pressure. Optimum film quality was obtained at a deposition
15
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
temperature of 250 °C. The precursor was evaporated at 90 °C. Films were deposited 
on flint glass substrates. The stoichiometry of the deposition reaction was proposed to 
be as shown below:
Cu(hfac)2-H20  + H2 -  Cu(s) +  2H(hfac) +  H20  [2.1]
The authors reported that an inert carrier gas such as N2 could be used instead 
of H2. However higher deposition temperatures were required and the films were 
impure. The authors also reported differences in adhesion for films deposited on 
different surfaces. Lastly, analysis of the reaction products indicated that the /3- 
diketonate ligands (hfac) were regenerated in their protonated form (H(hfac)) when H2 
was used as the carrier gas, thereby leading to the stoichiometry shown above.
In recent years Temple IT9891 studied the influence of reaction conditions on 
film purity. They studied the thermal decomposition of Cu(hfac)2 in Ar carrier gas at 
atmospheric pressure and deposition temperatures of 420 °C and higher. Si substrates 
with a native oxide layer were used. They reported significant formation of C and O, 
and very high resistivity for their deposited films. The authors postulated that this was 
due to a lack o f H2 to protonate the /3-diketonate ligands adsorbed on the surface, 
resulting in decomposition products.
Awava IT9891 published the first demonstration of selective deposition. A cold- 
wall, low pressure apparatus was used. Total pressure was about 15 Torr. The 
deposition temperature was 350 °C. The precursor vessel temperature was kept 
between 40 - 70 °C. Under optimum conditions growth rates of 10 nm m in1 were
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reported on metal (W, Cr, Al, Zr) and metal silicide (TiSL). In filling via holes, Cu 
film was selectively deposited on metal and metal silicides, and not on Si02 and Si3N4. 
The authors postulated that selective CVD occurred due to difference in catalytic 
properties of the substrate surfaces.
Kaloveros IT9901 demonstrated Cu CVD using H2 reduction of Cu(hfac)2 at 
deposition rates of 120 - 180 nm min'1 with film resistivity of less than 2 piohm-cm. 
Deposition was carried out at a working pressure of 103 Torr and temperatures between 
250 - 350 °C. The bubbler containing the precursor was maintained between 30 - 60 
°C. Both metallic and non-metallic substrates were used. The purity of the deposited 
films was > 99 %. The authors maintained that the high quality of the films was due 
to the pure H2 used as reducing agent. Good adherence was reported on metal 
substrates. The morphology of the deposited films was independent of the bubbler 
temperature and the substrate used.
2.1.2 Kinetic and mechanistic studies
This section presents the work done to elucidate the kinetic and mechanistic 
understanding of Cu(hfac)2 reduction using H2. The first comprehensive work was 
reported by Lai [1991] and was done in our laboratory. Awaya [1992] proposed a 
qualitative mechanism but did not define the steps of the mechanism. Kim [1993] 
presented an alternate mechanism to explain the kinetic results. Wang [1995] extended 
the work initiated by Lai [1991] to lower pressure, and re-examined the kinetic 
parameters of the earlier proposed mechanisms.
Lai H9911 published the first rate expression based on the work done in our 
laboratory. CVD was done in a horizontal warm-wall reactor under 760 Torr H2
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pressure. The precursor partial pressure was 2 - 1 0  Torr. Reaction temperature was 
250 - 275 °C. Reactions were carried out at integral conversion in order to get global 
rate information from each experiment. Typical deposition rates of 20 nm min'1 on pre­
cleaned glass substrates were reported at 250 °C.
Their analysis of the growth rates was based on three observations:
1. The growth rate was nearly independent of Cu(hfac)2 concentration at the 
inlet of the reactor. This zero order dependence was interpreted as a saturation effect 
due to an adsorbed intermediate at the inlet conditions of the reactor.
2. The growth rate decreased when the mole fraction of H2 in the inlet stream 
was decreased. This suggested that H2 was directly involved in the rate determining 
step.
3. The growth-rate decreased when H(hfac) was added to the inlet reactant 
stream. This suggested competitive adsorption between H(hfac) and Cu(hfac)2.
Based on these observations the authors proposed a Langmuir-Hinshelwood 
mechanism with the regeneration of vacant sites by H(hfac) desorption being the rate 
limiting step. The rate expression proposed is given below:
The rate expression proposes a first order dependance on Cu(hfac)2 and H2 pressure. 
The reported values of the rate constants are as shown below:
Cu(hfac)2
molecule cm*2 s*1 [2.2]r =
■Cu(hfac)2 H(hfac)
kads.i =  k^ . 2  =  0.1 cm s’ [2.3]
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k ^  =  2.2 x 1023 exp [ -80 kJ mole1 / RT ] molecule cm*2 s'1 atm*1 [2.4]
Awava \19921 in agreement to the above work proposed a qualitative Langmuir- 
Hinshelwood type surface reaction model to describe their observed kinetics:
Cu(hfac)2 (a) +  2H (a) -* Cu (s) + 2H(hfac) (g) [2.5]
Their experiments were conducted in a cold-wall, low pressure apparatus. Total
pressure was about 15 Torr. The precursor vessel temperature was kept between 50 - 
100 °C. Substrate temperature was maintained between 350 - 390 °C. The carrier gas 
was either H2 or Ar. The substrate was Ta/Si. Maximum deposition rates of about 10 
nm min*1 were obtained at a substrate temperature of 350 °C. Their observations can 
be summarized as follows:
1. Growth rate increases linearly at low Cu(hfac)2 concentration and then 
saturated at higher concentration. At the highest deposition temperature of 390 °C the 
deposition shows a maximum in Cu(hfac)2 pressure. This was attributed to competitive 
adsorption between the precursor species and adsorbed H2. At high precursor 
concentration most of the vacant sites are covered by the source species, and hence the 
rate is inhibited due to shortage of surface adsorbed hydrogen.
2. Growth rate has a positive order dependence on H2 pressure at high
Cu(hfac)2 concentration, but is independent of H2 at low precursor concentration.
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3. Maximum deposition rates of about 10 nm min'1 were obtained at a substrate 
temperature of 350 °C. At higher temperatures a possibly higher desorption rate for 
H2 (as compared to the source species) leads to a lower surface coverage, and hence 
diminished rates.
Kim ri9931 reported kinetic experiments in a cold-wall type, vertical flow, bell- 
jar reactor system. Operating pressure was 2 - 1 0  Torr of H2. Precursor evaporation 
temperatures ranged from 65 - 85 °C. This resulted in Cu(hfac)2 partial pressure of
0.25 - 0.7 Torr. Reaction temperature was 280 - 400 °C. TiSi2 substrates were used. 
Film deposition rates of 10 - 100 nm min'1 were reported depending on the deposition 
temperature and reactor temperature. They observed a half-order dependence on both 
Cu(hfac)2 and H2 pressure over the range of operating pressures studied.
They proposed an alternate Langmuir-Hinshelwood, dual-site mechanism to 
explain their kinetic results. They proposed that adsorption of H2 and Cu(hfac)2 species 
took place on two different sites. Though they listed the elementary steps of their 
proposed mechanism, the value of individual rate constants for each of the elementary 
steps was not provided. Instead, a simplified version of the rate expression was 
published by them and is shown below:
r =  k (PCu(hfac)2)l/2 (Ph2>1/2 A min'1 Torr'1 [2.6]
where k =  5.7 x 108 exp [ -75 kJ mole'1 / RT ] A min'1 Torr'1 [2.7]
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The rate expression proposes a half order dependence on both H2 and Cu(hfac), as was 
seen in their kinetic results. Additionally, the activation energy of 75 kJ mole'1 agrees 
well with the value of 80 kJ mole'1 reported by Lai [1991].
Wang ri9951 studied Cu CVD using Cu(Hfac)2 in a horizontal, warm wall, axial 
flow reactor. The operating pressure was 40 - 760 Torr of H2. Precursor evaporation 
was carried out at a temperature of 76 or 90 °C. The operating temperature was 250 - 
350 °C. At 40 Torr H2 pressure and deposition temperature of 350 °C a deposition 
rate of 15 nm min'1 was reported on glass substrates.
The measured growth rate profiles were analyzed using a 2-D reactor transport 
model. For the reaction rate in this model, two previously published literature rate 
expressions were used. The first equation came from the work done by Lai [1991], 
while the second was reported by Kim [1993] and are discussed above. The constants 
in these rate expressions were optimized so as to agree closely with the experimental 
deposition rates.
Based on literature values of sticking coefficients, Wang first revised the 
adsorption coefficients in the Lai rate equation by almost two orders of magnitude 
as shown:
kak ! =  40 cm s'1 k^v? =  65 cm s'1 [2.8]
Next, the desorption rate constant was optimized using the adsorption rate 
constants shown above. The optimized value is shown below:
kdo =  4.4 x 1023 exp [ -80 kJ mole'1 / RT ] molecule cm'2 s 1 atm'1 [2.9]
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The authors observed that the optimized rate constant was only two-fold higher than the 
original value.
However, to show a reasonable agreement with experimental results, Wang had 
to decrease the rate constant published earlier by Kim by over two orders of magnitude. 
The modification to the rate constant in the Kim equation is shown below:
k =  1.3 x 106 exp [ -75 kl mole'1 / RT ] A min'1 Torr'1 [2.10]
In conclusion we see that there is only limited kinetic information about the 
Cu(hfac)2 reduction in H2. This has been reported over widely different operating 
conditions making a reasonable comparison difficult. Additionally, the proposed 
mechanistic understanding of the reduction of Cu(hfac)2 using H2 gas varies.
The reported values of deposition rates obtained with H2 reduction are typically 
of the order of 10 nm min'1. Higher deposition rates have been reported. However, 
the individual values reported will depend strongly on reaction conditions like substrate 
temperature, reactant concentration, and carrier gas pressure. Additionally, the extent 
of reactant conversion, which is usually not reported, can have a significant effect on 
growth rate. Thus a quantitative comparison of the growth rates listed above is of 
limited value. However, even at the highest values mentioned above, the deposition 
rates are at least two orders of magnitude lower than that reported typically with Cu(I) 
compounds, i.e., 900 nm min'1 [Jain 1993].
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2.2 Role of additives
The single largest drawback in the H, reduction studies described above is that 
the deposition rates are much lower than the industrially acceptable value of 1000 - 
2000 nm m in1. This section describes the available literature on the role of additives 
to achieve enhanced deposition rates. Two additives have been widely studied, namely 
alcohol and water. This dissertation has concentrated on alcohol-assisted CVD and the 
existing literature is presented in section 2.2.1. The role of water in section 2.2.2 has 
been reported here for quantitative information about the enhancements achieved 
with additives.
2.2.1 Alcohol
The role of alcohols in enhancing deposition rates of thermal CVD was first 
reported by Cho in 1991 and was patented in 1992. Pilkington [1991] reported 
qualitative agreement with this work. Strong mechanistic evidence was presented by 
Chiang [1993] and Kaloyeros [1995]. Co-current efforts at the Department of 
Chemistry, LSU have resulted in the development of the first alcohol-based pure liquid 
copper(II) precursor [Fan 1997].
The patented work of Cho IT9921 showed that the incorporation of isopropanol 
as a co-reactant with Cu(hfac)2 and H2 led to a reduction of 240 °C in the temperature 
at which deposition occurred on Si02. Additionally, enhanced deposition on metals was 
obtained. The method also claimed to yield selective deposition on patterned A1 
samples and an improvement in the reliability of the deposited film.
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Pilkington \ 19911 reported an increase in both the uniformity and thickness of 
films when Cu(hfac)2 dissolved in ethanol was used, as compared to unassisted CVD. 
The deposition rate increased further when propanol was used.
Chiane f 19931 examined the effect of dissolving Cu(hfac)2 in solvents. The 
stability of the precursor in the solution phase and during transport to the reactor was 
studied. Using Nuclear Magnetic Resonance (NMR) and Mass Spectroscopy, the 
authors found that water co-ordinates reversibly to Cu(hfac)2 to form hydrate. Alcohols 
form mono and di-alcoholates. Additionally, mixtures of Cu(hfac)2 in H20  were found 
to undergo secondary reactions to yield degradation products like 1,1,1-trifluoroacetone 
and trifluoroacetic acid. Solutions of Cu(hfac)2 in alcohols could be forced to undergo 
similar reactions only by heating to temperatures in excess of 350 °K.
The primary complexes were claimed to have a higher vapor pressure than the 
precursor itself which resulted in an increased transport of the complexed precursor. 
The authors thereby concluded that the higher deposition rates observed with addition 
of alcohol was due to the increased transport of the precursor.
The effect of alcohol on the surface chemistry of the precursor during adsorption 
was studied using Reflection Absorption Infra Red spectroscopy. The authors 
concluded that addition of alcohol does not result in a change in the deposition 
mechanism. However, it results in the loss of adsorbed hfac ligands at a lower 
temperature. Additionally, it decreases the coverage of the fragments which were 
thought to be the source of carbon.
Kaloveros f19951 reported mass spectroscopy results of alcohol decomposition 
in a H2 plasma under conditions similar to those during deposition. In their results they
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found that as the plasma power density increased, the amount of alcohol decomposition 
products (ketone and aldehyde) increased. From the alcohol decomposition 
stoichiometry they proposed that the alcohols contributed atomic hydrogen to the 
reaction process. This results in a higher supply of reducing agent as compared to that 
resulting from the adsorption of H, gas on the surface.
The availability of the atomic hydrogen was reported to be dependent on the 
strength of the primary carbon-hydrogen bond in the solvent. The strength of the C-H 
bond decreases in the order: isopropanol > ethanol >  isobutanol. The weaker the 
bond, the higher is the availability of the hydrogen, and hence the deposition rate.
Fan f19971 at the Department of Chemistry, LSU, reported Cu(hfac)2.z-PrOH 
as the first pure liquid copper(U) precursor. Deposition at atmospheric pressure was 
achieved by passing a stream of carrier gas over the precursor, followed by reaction 
over a heated substrate. The authors reported higher deposition rates with N2 carrier 
than with H2. Additionally the minimum temperature required for deposition was 160 
°C as compared to 200 °C. Using FTIR (Fourier Transform Infra Red spectroscopy), 
and Gas chromatography/Mass spectroscopy they detected acetone, an oxidation product 
of /-PrOH when N2 was used as the carrier gas.
However, lower deposition rates were seen with Cu(hfac)2*EtOH and 
Cu(hfac)2-MeOH precursors. They attributed this to the lower primary carbon- 
hydrogen bond strength which results in a more facile oxidation of the alcohol to 
overall oxidation products (ketones). The lower deposition rates are thus attributed to 
a lower availability of the intact alcohol molecule. The deposition rates in H2 carrier
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gas were higher for Cu(hfac)2-EtOH and Cu(hfac)2-MeOH precursors as compared 
to N2.
2.2.2 Water
Lecohier ri992a.bl reported the effect of adding water on Cu CVD using the 
Cu(hfac)2 precursor. The precursor and water were introduced separately into the 
reactor. Deposition was carried out at a total pressure of 1 Torr. The deposition 
temperature was 400 °C. He and H2 were used as carrier gases. The addition of water 
resulted in enhanced deposition rates in excess of 50 nm min'1. as compared to a few 
A min'1 in the absence of H,Q. On a Pt seed layer the growth rates increased linearly 
with water flow rate.
In the presence of He gas the deposition was selective with very little deposition 
being seen on S i02 as compared to Pt. With H2 gas selectivity was observed too, but 
was lost at much lower water flow rates. Auger spectroscopy results indicated that the 
purity of the deposited film was in excess of 99%. The resistivity of the films was <
2.0 piohm-cm.
Based on their studies they concluded that:
1. As Cu(hfac)2 and H20  were introduced separately, the enhancement of 
deposition rate was not due to a higher transport rate of the Culhfac)-, precursor 
resulting from the formation of its hvdrate.
2. The similar deposition rates, and purity of the films in presence of the two 
carrier gases indicate that H2 carrier gas is not necessary as a reducing agent.
It was postulated that the role of water molecules was to protonate both ligands 
on the Cu(hfac)2 molecule to produce gas phase H(hfac) leaving hydroxyl groups on the
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surface. Additionally, on metal (Pt) the addition of water modified the same rate 
limiting step, presumably the protonation of the (hfac) ligand directly bonded to the 
metal surface. This gave rise to equal deposition rates irrespective of the carrier 
gas used.
Awava [T992. 19931 reported similar enhancements with water. They reported 
a ten fold increase in deposition rates from 10 nm min'1 to 90 nm min'1 at low flow rate 
of water ( < 1 0  seem). Deposition was carried out at 390 °C at a total pressure of 15 
torr. The authors reported that addition of water also causes a dramatic increase in the 
reflectivity of the films thereby indicating smoother films. However, oxide formation 
was observed at water flow rates exceeding 10 seem (H20  : Cu(hfac)2 flow ratio 
> 10%).
In conclusion addition of alcohols and water results in enhanced deposition rates. 
The enhancement is most likely due to a kinetic effect due to the supply of H atoms 
from the additive molecule. For alcohols, the magnitude of the enhancement depends 
on the structure of the alcohol molecule. However, the reported enhancements due to 
addition of alcohol are qualitative and have not been quantified. In addition to the 
enhancement in deposition rates, improvement in the quality of the films is seen. 
However, addition of excess amounts of the additive could affect the deposition process 
negatively.
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CHAPTER 3 
EXPERIMENTAL
This chapter describes the reactor systems built to study Cu CVD using the 
Cu(hfac)2 precursor. Section 3.1 describes the first apparatus that was built for kinetic 
studies of Cu(hfac)2 reduction using H2 gas and is termed the hot-wall TGA 
(Thermogravimetric Analysis) reactor. Section 3.2 describes the apparatus used to 
quantify the role of additives on H2 reduction of Cu(hfac)2. This involved the addition 
of an alcohol evaporator to the existing TGA reactor flow system. Section 3.3 
describes the warm-wall Pedestal reactor system. It was built following the 
achievement of enhanced deposition rates in the alcohol-assisted TGA experiments. 
The novel features of this apparatus include a liquid delivery system for precursor 
transport, and a warm-wall Pedestal reactor. Lastly, section 3.4 briefly describes the 
auxiliary equipment used for characterization of the film properties and analysis of the 
residual gas.
3.1 Hot-wall TGA reactor
The hot-wall TGA reactor was designed to study the kinetics of Cu deposition 
using Cu(hfac)2 reduction by H2. This apparatus was built by reconfiguring a Harrop 
Thermogravimetric Analyzer, TGA. The reactor arrangement leads to the reactor wall 
being at the same temperature as the substrate, and is hence termed a hot-wall reactor. 
Section 3.1.1 describes the flow system in detail. Section 3.1.2 describes the operating 
procedure for the experiments, and the range of operating parameters.
28
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3.1.1 Apparatus
Figure 3.1 shows a schematic of the flow system. The apparatus consists of 
four main components: gas delivery system, evaporator, reactor, and vacuum pump. 
In Figure 3.1 the flow of reactants is from left to right. The gas delivery system 
meters H2 gas from the cylinder. The evaporator contains a measured amount of solid 
Cu(hfac)2 precursor. Heating the evaporator releases precursor vapor into the H2 gas 
stream passing through the evaporator. The Cu(hfac)2/H2 mixture so generated is taken 
to the reactor. The rate of reaction is quantified from the deposition of Cu on a 
substrate suspended in the reactor. The gas stream from the reactor passes through a 
collection trap where the unreacted Cu(hfac)2 condenses out. The vacuum pump 
maintains a low system pressure by discharging the residual gas to a fume hood. The 
details of the major components of the system are given below:
Gas delivery system. Research grade H2 gas (Liquid Carbonic) from the 
cylinder is metered to the system using two mass flow controllers (MFCs). The main 
stream passes through the evaporator and is used as a carrier gas for Cu(hfac)2 
evaporation. It consists of three fourths of the total flow to the reactor, and is metered 
by one MFC (MKS Instruments, 1159-B, 0-50 seem). The remaining quarter of H2 
flow is metered by a second MFC (MKS Instruments, 1159-B, 0-50 seem), and is used 
to purge the microbalance enclosure (see below) during the experiment. This prevents 
back diffusion of the reactants into the microbalance enclosure. After purging the 
microbalance, the stream joins the main flow stream from the evaporator before going 
into the reactor.




























T - Heat traced line and thermocouple location 
TC - ThermocoupleGas cylinder
to hood
Figure 3.1 Schematic of flow system for copper CVD using hot-wall TGA reactor
u>o
Precursor evaporator. The evaporator is designed to deliver constant precursor 
mass transport rates to the reactor. The construction of the evaporator is described in 
detail first. The operating principle of the evaporator is briefly described. Finally the 
achievement of stable transport rates using this evaporator is demonstrated.
The evaporator is made of stainless steel (SS). It consists of two parts. The 
bottom consists of a 3" diameter x 2" long cylindrical reservoir with a tapering, flanged 
neck. The Cu(hfac)2 precursor (Strem Chemicals Inc.) is weighed into this reservoir. 
The top of the evaporator consists of a flanged SS cap with 1/4" SS tubes that serve as 
openings for H2 gas inlet and mixture outlet. The inlet tube extends to within an inch 
of the precursor located at the bottom of the reservoir. The outlet tube is 2" shorter. 
The tubes end in 1/4" Nupro bellows-sealed valves with Cajon VCO end fittings. The 
evaporator can thus be isolated for removal and weighing between experiments. A 1/4" 
SS bypass line with a Whitey on-off valve is built around the evaporator.
The evaporator is heated by immersing in an oil bath (Fisher Scientific Co., 
Isotemp constant temperature circulator, Model 8000). The bath is mounted on a 
laboratory jack and can be lowered or raised as required. Heating the evaporator 
results in an increase in the temperature of the precursor causing it to sublime into the 
flowing H2 gas stream. The Cu(hfac)2-rich H2 gas stream is then introduced into the 
reactor through heat traced 1/4" SS tubing.
Evaporator performance. The evaporator yields stable mass transport rates. 
Assuming ideal gas behavior and dynamic equilibrium between the solid precursor and 
the gas phase above it, the mass transport of Cu(hfac)2 is governed by the following 
equation:
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Pv V
F = — -------- x M  g min'1 [3.1]
R T
F =  mass transport rate of precursor (g min'1)
Pv =  vapor pressure of precursor (Torr) at evaporator temperature T (°K)
V =  volumetric flow rate of carrier gas (cm3 m in1) at system pressure and
evaporator temperature
M = molecular weight of precursor (Cu(hfac)2 =  477 g gmole'1)
Equation 3.1 gives the maximum mass transport possible at operating conditions of 
temperature and gas flow rate, and would imply an evaporation efficiency of 100%.
Wolf [1985] reported vapor pressure data of Cu(hfac)2. The graphical data can 
be represented by the following equation:
23 3 kcal
Pv =  7.87 x exp { — -------  [1/373 - 1/T ] } Torr [3.2]
R
Preliminary evaporation experiments at temperature = 90 °C, volumetric flow 
rate =  23 seem, and operating pressure =  5 Torr yielded an evaporation rate of 0.32 
±  0.031 g min'1. At these conditions, using equations 3.1 and 3.2 the predicted 
evaporation rate is 0.33 g min'1. Thus the evaporator performs at an efficiency greater 
than 95%. Additionally, the standard deviation is 10% of the average, and represents 
a random variation between different runs. This shows that the transport rates are 
stable. However, at temperature = 110 °C, operating pressure =  90 Torr, the 
evaporation efficiency decreased to 50%. The variation between runs also increased 
to 20% of the average value. This indicates that evaporation efficiency depends on
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operating conditions. Therefore we determine partial pressure of the precursor in each 
experiment by measuring the weight loss of the evaporator.
Reactor. Figure 3.2 gives a schematic of the TGA reactor. The reactor 
assembly was made by reconfiguring a Harrop TG 722 Thermogravimetric Analyzer. 
The complete unit consists of two sections. One is the Cahn 2000 Electrobalance unit. 
The other is the furnace unit. The control modules for the balance and the furnace are 
located on a separate electronics rack and are not indicated. The balance is connected 
to a computer which is also located on the rack.
Copper CVD reactions are monitored on-line by measuring the weight change 
due to Cu deposition on rectangular stainless steel substrates (sample size = 10 mm x 
20 mm x 0.15 mm thick), suspended from one arm of the balance. The substrate is 
enclosed by the reactor which comprises of a glass tube (diameter =  2.54 cm, length 
=  30 cm) surrounded by the furnace. The furnace heats the reactant mixture from an 
inlet temperature of 120 ±  10 (see heat tracing below) to the reaction temperature of 
300 °C. This heating arrangement leads to the reactor system being denoted as a hot- 
wall reactor as the reactor wall (at the location of the substrate) is at the same 
temperature as the substrate.
The top end of the glass reactor is connected to the microbalance enclosure 
through a special metal-to-glass tee joint. The other end of the reactor is connected to 
the trap using a 1" Swagelok Ultra Torr tee joint. A 1/8" diameter thermocouple is 
inserted through the bottom arm of this tee to measure the temperature of the gas 
stream at a distance of 1 cm from the substrate.


























J 3**—  Purge gas in
To vacuum pump
Figure 3.2 Hot-wall TGA reactor
Trap. The unreacted Cu(hfac)2 precursor flowing out of the reactor is condensed 
in a trap. The trap consists of a glass tube with a diameter =  2.54 cm x length = 20 
cm fitted with a plug of glass wool. The trap is kept at room temperature. The other 
end of the glass trap is connected to the vacuum pump.
Vacuum pump. The system is maintained at a low pressure of about 40 Torr 
by connecting the reactor outlet to a single stage, rotary vane vacuum pump (Alcatel 
2004A, air displacement 5.4 m3 hr'1). The system pressure is controlled by a 1/4" 
Nupro needle valve that is introduced between the reactor and pump. Additionally, a 
quick close 1/4" Nupro valve adjacent to the needle valve is used to isolate the pump 
if necessary. The discharge from the pump is taken to the hood.
Other auxiliary systems that complete the apparatus are given below:
System pressure measurement. The system pressure is measured using a MKS 
Baratron capacitance manometer (MKS Instruments 221A 115-B-1000, 0-1000 Ton- 
analog display). The output voltage from the manometer is measured on a digital 
multimeter. Calibration of the manometer is performed by measuring the multiplier 
voltage at two absolute reference points. The first reference point (approaching 0 Ton) 
is obtained by pumping the manometer overnight. The second reference point is 
obtained by exposing the manometer to 1 atmosphere. The two calibration reference 
points are used to define a linear relationship between multimeter reading and the 
system pressure measured by the manometer.
System temperature measurement. Temperatures at eight locations on the SS 
tubing, evaporator top, and glass trap inlet are monitored using thermocouples. The 
thermocouples are calibrated against a standard ASTM thermometer at 100 °C. All the
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thermocouples are accurate to within ± 2 °C. The thermocouples are connected to a 
12 point Selector switch (Omega Instruments, model no. M141 0689), which displays 
the selected temperature on a single Thermocouple temperature indicator (Omega 
Instruments, model no. 115KC).
Heat tracing. Three separate heating tapes with individual voltage controllers are 
used for heat tracing. The SS tubing from the evaporator outlet valve to the reactor is 
heat traced by one tape. The top of the evaporator (that remains outside the oil bath), 
and the inlet and outlet of the evaporator are heat traced by the second tape. The last 
heat tape is used to trace the exit end of the glass reactor lying outside the TGA 
furnace, the SS tee connecting the reactor and glass trap, and the inlet of the glass trap. 
The temperature maintained by the heat tracing is about 25 ±  7 °C higher than that of 
the evaporator. The variation in temperature is due to uneven wrapping of insulation 
tape over the heat tracing. Additionally, the insulation and heating tapes have to be 
removed after each run to weigh the evaporator and reactor. It is difficult to rewind 
the insulation in the same way each time.
Flow rate measurement. Before going to the disposal hood, gas flow rates could 
be calibrated at ambient conditions using the Displaced Volume Apparatus (DVA). The 
DVA is a home-made apparatus consists of a water-filled graduated flask inverted over 
a trough containing water. The time required to displace a fixed volume of water from 
the graduated flask gives the flow rate.
3.1.2 Operating procedure
In this section the operating procedure used to conduct the experiments is 
defined. The procedure for a CVD experiment consists of a series of steps. These
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steps, or small variations thereof, are common to all the three apparatus used in this 
dissertation. Following this, the operating conditions used for performing the kinetic 
experiments are listed.
Operating procedure. The first step in the operating procedure is the preparation 
of the substrate and the reactor prior to assembly. This is followed by pre-treatments 
of substrate, reactor, and evaporator just prior to the experiment. This is followed by 
the deposition experiment itself. Finally, analysis of the experimental data is described. 
Each of these steps is given in detail below:
Substrate preparation. Stainless steel substrates of size 10 mm x 20 mm are first 
cut to the correct size from a foil of thickness 0.15 mm. They are next wiped with a 
Kimwipe tissue to remove finger imprints and stains. Next, a mounting loop is 
assembled around the substrate using a thin SS wire. The substrate with the mounting 
loop is next boiled in trichloroethylene (20 min) which acts as a degreaser, followed by 
boiling in acetone (20 min) which removes organic impurities from the surface. This 
is followed by rinsing in deionized water. After drying off the water in a stream of N2 
or He, the substrate is then loaded on to one arm of the microbalance.
Reactor assembly and pre-heating. The glass reactor tube is cleaned with dilute 
nitric acid (<  0.1 N), followed by washing with deionized water. The water is dried 
off in N2 gas. Next, the reactor tube is put inside the TGA furnace and then slipped 
over the substrate. The reactor tube is fastened at the two ends with the requisite 
connections.
After assembly, and prior to the reaction, the reactor tube and substrate are 
heated in a stream of H2 at 400 °C for 1 hour. This pre-treatment step assures the
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removal of water from the substrate and reactor wall, and possible partial reduction of 
any oxides on the surface.
TGA baseline. After the 400 °C pre-treatment the reactor is cooled down to the 
reaction temperature. The reactor is maintained at the desired reaction temperature 
(300 °C) and pressure (40 Torr) for 1/2 hour before deposition is started. During this 
period the data acquisition program of the TGA is initiated to obtain a steady baseline 
for the initial weight of the substrate.
Evaporator pre-conditioning. After the steady-state flow and temperature 
settings are obtained in the reactor, the Cu(hfac)2 evaporator is lowered into the pre­
heated oil bath for about 4 min. This assures that the contents of the evaporator are at 
the desired evaporation temperature, to prevent a lag time in the precursor transport at 
the beginning of the experiment. This is followed by opening the evaporator inlet and 
outlet valves, and closing the bypass valve. The evaporating Cu(hfac)2 is now 
transported to the reactor by the carrier H2 gas. This marks the beginning of the 
experiment.
Deposition. The experiment is carried out for the required amount of time 
(usually 60 min). During the experiment care is taken to assure that the system 
pressure, temperatures, and flow rate do not digress from the set points. At the end 
of the experiment the evaporator inlet valve is closed and the bypass valve is opened. 
The evaporator is removed from the oil bath. This marks the end of the experiment.
The outlet valve on the evaporator is closed after 10 min. To ensure complete 
removal of any evaporated material from the lines, all heating is continued for 25-30 
min past the end of the experiment. Data acquisition is continued for the same time.
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After this, all heating is shut down. H, flow is continued through the bypass until the 
reactor reaches room temperature (about 4 hr).
Analysis of results. The change in weight of the reactor tube, substrate, and 
trap over the length of the experiment is measured on a Sartorius R 300S balance 
(resolution =  0.1 mg). The use of the balance is permitted courtesy of Professor 
Douglas Harrison’s research group. The evaporator is weighed on an American 
Scientific Product, TL 3500s balance (resolution = 0.1 g), courtesy of Professor Martin 
Hjortso’s research group. The gain in weight of the substrate (0.5 - 5 mg) gives the 
deposition rate. The substrate weight gain is compared with the weight change vs. time 
recorded by the TGA microbalance to assure steady state growth.
The conversion of Cu(hfac)2 is calculated from the weight loss in the evaporator 
(2 - 4 g), vs. the combined reactor (5 - 50 mg) and substrate weight increases. 
Additionally, the weight loss of the evaporator is compared against the combined weight 
change of reactor tube, substrate, and trap (2 - 4 g) to give an indication of the mass 
balance closure.
Operating conditions. Precise kinetic data about a reaction can be obtained by 
operating under differential conversion in a kinetically controlled regime. Differential 
conversion assures that the concentration of the reactants is nearly unchanged in the 
reactor. Thus concentration of the reactants at the substrate can be approximated to be 
the same as that at the reactor exit. This enables the use of the experimental data for 
analysis, without having to model the consumption of the reactants first. Operating in 
the kinetic controlled regime assures that the rate of reaction observed displays intrinsic 
kinetics without any masking from transport effects.
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2 cm x 1 cm x 0.15 mm thick
Experiment time 60 min
Volumetric flow rate 25 seem
Evaporator temperature 90 - 110 °C
Deposition temperature 300 °C
Hydrogen pressure 20 - 80 Torr
Cu(hfac)2 partial pressure at inlet 1.5 - 3.0 Torr
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Low pressure leads to high diffusion coefficients of reacting gases, which 
reduces the effect of mass transport limitations. Operating at low pressure and high 
volumetric flow rate also assures low residence time which combined with controlled 
deposition rates (using moderate temperature) leads to low conversion.
Typical operating parameters for the Cu CVD experiments are based on these 
guidelines and were established after a series of preliminary experiments. For the 
kinetic experiments the deposition temperature is 300 °C. The H2 pressure is 40 Torr. 
The flow rate of H2 is maintained at 25 seem. Other operating conditions are given in 
Table 3.1. Specific conditions used in certain experiments will be defined in 
Chapter 4.
3.2 Alcohol-assisted CVD
Alcohol-assisted CVD experiments using Cu(hfac)2 precursor were conducted 
to probe the role of alcohols as reducing agents. The role of alcohols is studied by 
adding a liquid evaporator to the existing TGA reactor apparatus. Section 3.2.1 
describes the flow system, with the key modification being the addition of the 
evaporator and connecting tubing. Section 3.2.2 describes the operating procedure for 
the experiments, followed by the operating conditions for the experiments.
3.2.1 Apparatus
To study the effect of additives, primarily alcohols, on H2 reduction of 
Cu(hfac)2, the existing hot-wall TGA apparatus is modified. A glass evaporator is 
introduced into the existing H2 purge line, in parallel to the Cu(hfac)2 evaporator. The 
additive-rich purge stream mixes with the Cu(hfac)2-rich main stream before entering 
the reactor. The combined flow enters the reactor. A schematic of the modified
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Figure 3.3 Schematic of flow system for alcohol-assisted CVD
apparatus is shown in Figure 3.3. The remaining apparatus is unchanged. The details 
of the alcohol evaporator are given below:
Alcohol evaporator. The alcohol evaporator is made of glass. It consists of two 
parts. The bottom reservoir is 1" diameter x 6" long. It has a ground glass female 
connection. A measured amount of alcohol is placed in the reservoir. The top piece 
connects to the reservoir by a male ground glass connection. It has two arms (inlet and 
outlet) connected to it. Each arm has a rubber O-ring sealed teflon valve. The inlet 
and outlet arms from the top piece extend into the reservoir. They end 1" and 3" above 
the surface of the alcohol, respectively.
A short 1/4" diameter glass tube extension past the valves on the evaporator 
allows connection to 1/4" SS tubing using rubber O-ring sealed Swagelok Ultra Torr 
fittings. For ease of removal of the evaporator for weighing, a 1/4" flexible SS hose 
is connected to the inlet. A 1/4" bypass line with a Whitey on-off valve is built around 
the evaporator.
To maintain uniform evaporation of the alcohol through the duration of the CVD 
experiment, the evaporator is kept immersed in a cold bath. A mixture of acetone-dry 
ice or ice-water is used to maintain the required temperature.
Evaporator performance. The guiding principle of the alcohol evaporator is the 
same as that of the Cu(hfac)2 evaporator. Preliminary /-PrOH evaporation experiments 
at temperature =  0 °C, alcohol evaporator volumetric flow rate = 8 seem (Cu(hfac)2 
evaporator line flow rate =  17 seem) and operating pressure = 45 Torr yielded an 
evaporation rate of 0.0040 ±  0.0011 g min'1 for t-PrOH. At these conditions using 
equation 3.1 and a literature vapor pressure value of 8.28 Torr [Perry’s Chemical
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Engineers’ Handbook], the predicted evaporation rate is 0.0037 g min'1, which is within 
the range of uncertainty of the measured evaporation rate.
3.2.2 Operating procedure
The sequence of operating steps followed remains largely unaltered as compared 
to the H2 reduction experiments described earlier (section 3.1.2). To assure that the 
contents of the alcohol evaporator are at the desired temperature the evaporator is 
immersed in the cold bath while the substrate is being preheated at 400 °C. H2 gas is 
passed through the bypass of the alcohol evaporator. During the Cu(hfac)2 evaporator 
pre-conditioning step, the outlet valve of the alcohol evaporator is opened to release 
excess vapor. This marks the readiness to start the alcohol-assisted CVD experiment.
When the flow is switched to pass through the Cu(hfac)2 evaporator, a similar 
switch is executed in the alcohol evaporator. This marks the beginning of the 
experiment. At the end of the experiment, the alcohol evaporator is isolated from the 
system by closing the inlet and outlet valves. The H2 flow is switched to the bypass 
line. The other steps are same as for the H2 reduction experiments described in section 
3.1.2.
Operating conditions. Three alcohols, namely methanol (MeOH), ethanol 
(EtOH), and iso-propanol O'-PrOH) are used to assist the H2 reduction CVD. A series 
of preliminary evaporation experiments were performed for each alcohol to determine 
a feasible operating range of partial pressure. The remaining experiments are designed 
based on these results.
For the alcohol-assisted CVD experiments the alcohol/Cu(hfac)2 molar ratio at 
the reactor inlet is varied from 1 to 8 while keeping a constant throughput of Cu(hfac)2
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Table 3.2 Operating parameters for alcohol-assisted CVD
Parameter Range
Substrate Stainless steel;
2 cm x 1 cm x 0.15 mm thick
Experiment time 60 min
Volumetric flow rate 25 seem
Cu(hfac)2 evaporator temperature 90 °C
Alcohol evaporator temperature 0 - 15 °C
Deposition temperature 300 °C
H2 pressure 40 Torr
Cu(hfac)2 partial pressure at inlet 1,7 Torr
Alcohol partial pressure at inlet 2.0 - 12.0 Torr
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and H2. Alcohol partial pressure is varied from 2 to 12 Torr. The Cu(hfac)2 partial 
pressure is maintained around 1.7 Torr. The H2 pressure is 40 Torr. The flow rate 
of H2 through the alcohol evaporator is 8 seem. Flow rate of H2 through the Cu(hfac)2 
evaporator is 17 seem. Deposition temperature is 300 °C. Other operating conditions 
are given in Table 3.2. Specific conditions used in particular experiments will be 
defined in Chapter 5.
3.3 Warm-wall Pedestal reactor
This section describes the warm-wall Pedestal reactor. The results obtained 
from the alcohol-assisted CVD experiments using the hot-wall TGA apparatus prompted 
further investigation into the role of alcohols. Though alcohol-assisted CVD gives 
enhanced deposition rates (see Chapter 5), conversions in excess of 40 % are observed. 
The pedestal reactor is designed to be able to look at the effect of high alcohol partial 
pressure on deposition rate, while keeping the conversion lower by reducing the 
reaction at the reactor wall.
Additionally, there is an apparent shift in the industry to move from solid to 
liquid precursors. Evaporation using solid precursors suffers from mass transfer 
resistances at the gas-solid interface, and is further compounded by a decrease in 
surface area of the precursor particles over time. This leads to variation in transport 
rates of the precursor.
A high solubility of Cu(hfac)2 in alcohols, especially /-PrOH prompted the 
design of a solution injection system to deliver solutions of Cu(hfac)2 in alcohol. Thus 
the pedestal reactor system incorporated a change in the reactor design, as well as a 
shift towards liquid precursor transport.
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Section 3.3.1 describes the flow system. The solution injection system and the 
pedestal reactor system are discussed in detail. Section 3.3.2 describes the operating 
procedure for the experiments and the range of operating conditions.
3.3.1 Apparatus
Figure 3.4 gives a schematic view of the Pedestal reactor flow system. The 
pedestal reactor system consists of 4 units, namely gas metering, precursor 
introduction, reactor, and vacuum pump. These units are arranged sequentially and 
indicate the flow of material through the system. H2 carrier gas is metered by a MFC. 
The precursor introduction system delivers a fixed amount of precursor and alcohol into 
the gas stream. This mixture flows into the reactor through heated SS tubing. In the 
reactor, reaction leads to deposition of Cu on the heated substrate surface. The 
remaining gas flows to the vacuum pump. Unreacted Cu(hfac)2 condenses in the glass- 
wool trap between the reactor and pump. The non-condensible gases pass through the 
pump to a hood. Each of the units is described in detail below:
Gas metering. H2 gas from the cylinder is metered to the system using using 
a calibrated MFC (Brooks Instruments, model 5850 E, 0 - 50 seem). The MFC is 
powered by a Brooks power supply/control unit (model no. 5876).
Precursor introduction. Preliminary experiments to assess the feasibility of the 
pedestal reactor (see below) were done in the absence of alcohol. A glass evaporator 
was used to introduce Cu(hfac)2 into the stream of H2. This was later replaced by the 
solution injection system.
Solid CufhfacV. glass evaporator. The construction of the evaporator is similar 
to that of the alcohol evaporator discussed in section 3.2. A measured amount of solid
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Cu(hfac)2 (Strem Chemicals) is taken in the reservoir. A bypass line across the 
evaporator assures that the evaporator can be isolated from the carrier gas stream. The 
evaporator is heated by a heating tape. The temperature of the evaporator is measured 
by a thermocouple taped to the outside of the reservoir bottom.
Solution injection. Zheng [1992] first demonstrated the feasibility of solution- 
delivered CVD of Cu from copper(II) /3-diketonate precursors. Solution of the copper 
precursor in selected solvents such as isopropanol and ethanol were introduced into the 
reaction chamber by a micropump to provide highly accurate, reproducible, and 
controllable flow rates. Copper films were deposited in a plasma reactor at substrate 
temperatures of 160 - 170 °C to yield pure, dense, and highly uniform films at a growth 
rate of 250 A min'1.
Levy [1996] first reported the transport of liquid precursors by using capillary 
tubing. Cu films were deposited by low pressure CVD by directly injecting the liquid 
precursor Cu(hfac)VTMS. The precursor was injected using a 5 m long capillary tube 
with a 0.1 nm inside diameter. The authors reported a precursor transport rate (vapor 
phase) of 8.75 seem into a system at 100 mTorr pressure. Information about the 
construction of the delivery system was not provided.
With this background, the solution injection system was designed to replace the 
glass evaporator used for solid precursor delivery. The apparatus was fabricated at the 
glass shop at LSU. The solution injection system uses a fused silica capillary tubing 
to regulate the flow of /-PrOH based precursor solution to the system. Flow of the 
solution is governed by the Hagen-Poiseuille equation for pressure driven flow through 
a circular conduit.
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For simplification the solution injection system can be broken down into three 
parts. The introduction section connects the capillary to the flow system. The capillary 
transports solution from the reservoir to the flow system via the introduction system. 
The reservoir holds the solution and indicates the amount transported during the length 
of an experiment. Each of these units is described in detail below:
Introduction system. To incorporate the solution injection system, the existing 
system had to be modified. The modification consisted of removing the glass 
evaporator and replacing it with a stainless steel Cajon VCO tee joint (catalog no. SS-4- 
VCO-T), on which the capillary tubing introduction system is built (see Figure 3.5). 
The capillary tubing is connected to the flow system using a special Swagelok gas 
chromatography fitting (catalog no. SS-400-6-1FGC). The GC fitting is made up of 
two parts. The top part is connected to the tee joint on one side. The other end has 
an externally threaded 1/8" male fitting which is screwed into a corresponding female 
fitting on the bottom part. Sealing is achieved using a graphite reducing ferrule of size 
1/8" - 0.4 mm, ordered from Alltech Associates, Inc. The other end of the bottom part 
is connected to a 6 cm long, 1/4" SS tubing which allows vertical movement of the 
reservoir (see below).
Capillary. The capillary tubing (inner diameter =  0.1 mm, length = 18 cm; 
Alltech Associates, Inc.) passes through the 1/4" SS tubing and the GC fitting into the 
1/4" Cajon VCO tee. It extends about 6 - 7 cm past the 1/4" SS tubing on one side, 
and about 1 cm past the VCO tee into the flow stream on the other side. A leak proof 
seal is obtained by the tightening of the graphite ferrule in the GC fitting. The graphite
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Figure 3.5 Solution injection apparatus
seal also isolates the flow system from the outside, with flow entering only through 
the capillary.
Solution reservoir. The liquid solution is kept in a reservoir. The liquid 
reservoir comprises of two parts (upper and lower). A ground glass connection connects 
the two parts. The upper part has a externally threaded 1/4" open end fitted with a 
plastic cap. A rubber 0  ring acts as the sealant. The lower part has a calibrated 
volume of 10 cm3 which can be filled with the precursor solution. Just above the 
calibrated height, two 1/4" side arms are provided to serve as a conduit for the flow 
of He or N2 gas at the end of the experiment. The arms are fitted with teflon stemmed 
glass valves that seal the solution in the reservoir from air and moisture.
The reservoir can be moved vertically through a distance of 6 - 7 cm on the 
1/4" SS tubing. This enables the dipping of the capillary in the liquid reservoir which 
marks the beginning of an experiment. A small amount of He/N2 gas is introduced 
through one of the side arms of the reservoir (the other remains closed) to assure that 
the pressure in the reservoir is 1 atmosphere. At the end of the experiment the 
reservoir is lowered till the capillary is lifted out of the solution. The capillary is 
purged by flowing He/N2 past the tip of the exposed capillary. It also serves to fill the 
space above the solution with a blanket of inert gas.
Solution injection performance. Assuming laminar flow in the capillary, flow 
of a solution of Cu(hfac)2/t-PrOH is governed by the Hagen-Poiseuille equation for 
pressure driven flow through a circular conduit as shown below:
x  A P R 4
Q = -----------  cm3 min'1 [3.3]
Sf i L
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Q is the volumetric flow rate o f the solution (cm3 m in1) 
a P is the pressure drop across the capillary (Torr)
R is the diameter of the capillary (cm)
H is the viscosity o f the solution (Torr - min)
L is the length of the capillary (cm)
/-PrOH injection. Preliminary solution injection experiments were carried out 
with /-PrOH. The physical design of the precursor delivery apparatus and the existing 
apparatus placed an upper limit of about 18 cm on the length of capillary tubing that 
could be used. The diameter of the fused silica capillary is 0.1 mm. The alcohol in 
the reservoir is at ambient conditions (760 Torr, 25 °C). The system pressure is 50 
Torr. The pressure drop across the capillary is thus 710 Torr. The H2 flow rate is 38 
seem.
At these conditions the average alcohol transport rate obtained is 0.044 ±
0.0015 cm3 min'1. The standard deviation is about 4 % of the average value indicating 
that the transport rate is stable. Using equation 3.3 and a literature value of the /-PrOH 
viscosity = 2 .1  cpoise (1.25 x lO4 Torr-min), the calculated transport rate is 0.037 cm3 
min'1. Thus the calculated value agrees to within 15 % of the experimental value.
Pedestal reactor. The precursor solution/H2 mixture reaches the pedestal reactor 
through heat traced SS tubing. Figure 3.6 shows a schematic of the pedestal reactor. 
The pedestal reactor (PR) consists of a 4-way, 1 1/2" stainless steel cross. The top 
arm of the cross is connected to the evaporator through intermediate 1/4" SS tubing. 
One side arm is connected to the Quadrupole Mass Spectrometer interface (see below).

























The QMS can be decoupled from the system by a blind flange. The other side arm is 
connected to the vacuum pump through the trap. The bottom arm is used to introduce 
the pedestal substrate holder.
The pedestal substrate holder consists of a hollow stainless steel tube of diameter 
=  1" and length =  2.5". The top end is fitted with a tapered copper plug. The base 
of the plug is flush with the top edge of the tube, and is coated by a thin layer of silver 
solder. The base serves as the platform on which the substrate is placed. The substrate 
is held in place by three nuts, using threaded rods that are permanently fixed into the 
base. The bottom end of the tube is welded to a 1 1/2" coupling flange along the 
periphery. The flange fits over the bottom arm of the 4-way reactor cross. The reactor 
is thus sealed from the outside.
The narrow end of the copper plug on the atmospheric side has a hole drilled 
for a Watlow Firerod cartridge heater (1/4" diameter, 1" long, maximum rated power 
=  150 watts). The cartridge heater is connected to a variable transformer. 
Additionally, a 1/16" thermowell is also provided to be able to introduce a 
thermocouple to measure the temperature of the pedestal base.
The substrate is clamped down to the base of the pedestal with three nuts and 
is thus heated by the cartridge heater. The temperature of the substrate is indicated by 
the thermocouple placed in the thermo well. The walls of the reactor cross and 
connecting tubing are heat traced to about 125 °C. This gives the ability to maintain 
a high temperature on the substrate, while keeping the walls of the reactor at a lower 
temperature. The Cu(hfac)2/H2 mixture flows downward over the substrate before
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flowing out of the side arm to the pump. This flow arrangement makes it a warm wall 
reactor with downward impingement flow arrangement.
Unreacted material collection. The unreacted copper compound flowing out of 
the reactor is collected in a trap which consists of a SS pipe (2.54 cm diameter x 8" 
long) with a plug of glass wool. One end of the trap is connected to the reactor by a 
1 1/2" stainless steel bend, which is heat traced to prevent condensation of the 
unreacted Cu(hfac)2. The other end of the trap is connected to a vacuum pump.
Vacuum pump. The gas flowing out from the trap is pumped by a rotary vane 
vacuum pump (Varian SD 300, rated free air displacement =  15.7 m3 hr'1). System 
pressure is controlled by a Nupro needle valve placed after the trap. The pump can be 
quickly isolated from the rest of the system by a Varian block valve placed after the 
needle valve. Before going to the gas hood, gas flow rates can be calibrated at ambient 
conditions by the DVA apparatus located at the discharge of the vacuum pump.
The majority of the equipment described above is located within a single 
module. Other utilities which complete the system are given below:
System pressure measurement. The system pressure is measured by a Varian 
DV 100 Diaphragm Manometer (model no. 6543-25-045) with a 1 - 1500 Torr 
indicator. The sensitivity of the indicator is 1 Torr. System pressure is measured at 
a pressure tap between the MFC and the solution injection system.
Temperature measurement. Temperatures at 12 locations on the heat traced 
lines are monitored by K type thermocouples. The thermocouples are calibrated against 
a standard ASTM thermometer at 100 °C. All the thermocouples are accurate to within
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± 2 °C. The thermocouples are connected to a 12 point Selector Switch (Omega 
Instruments, model no. M141 0689), which displays the selected temperature on a 
Temperature Indicator (Omega Instruments, model no. 115KC). The temperature of 
the pedestal base is controlled by a Temperature Controller (Eurotherm, model 808).
Heat tracing. Four separate heating tapes with individual voltage controllers 
are used for heat tracing. The tee introducing the capillary tip is heated by one heating 
tape. The SS tubing from the evaporator outlet valve to the reactor is heat traced by 
one tape. The top and the side arms of the reactor are heated by one tape. The last 
heat tape is used to trace the tubing between the reactor and trap. The temperature 
maintained by the heat tracing is about 125 ±  10 °C.
3.3.2 Operating procedure
The sequence of operating steps remains largely unaltered from that in the TGA 
reactor alcohol addition experiments. The major exception is that the precursor and 
alcohol introduction steps are simplified into one liquid solution injection. During the 
substrate pretreatment, H2 gas is passed through the injector bypass. When the desired 
system pressure, reactor pressure, and line temperatures are obtained the valves on 
either side of the injector are opened and the bypass is closed. Following this the 
reservoir is raised so that the capillary dips in the reactant solution. The reservoir is 
filled with He/N2 gas. Introduction of the solution into the flow system results in an 
increase in the system pressure. This marks the beginning of the experiment.
At the end of the experiment the reservoir is lowered. This stops the flow of 
precursor to the reactor. The valves on the arms of the reservoir are opened and He/N2
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Table 3.3 Operating parameters for warm-wall Pedestal reactor
Parameter Range
Substrate TiN/Si (area =  2 cm2), 
TiN thickness =  80 nm
Flow rate 38 seem
Concentration of Cu(hfac)2/i-PrOH 
solution
0.4 g/ml
Solution transport rate 0.05 ml/min
Total pressure 52 Ton-
Deposition temperature 300 °C
H2 pressure 40 Torr
Partial pressure of Cu(hfac)2 at inlet 1 Torr
Partial pressure of i-PrOH at inlet 10 Torr
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gas is passed over the tip of the capillary resting above the solution. This purges any 
residual solution in the capillary thereby preventing it from being clogged.
After 10 min H2 flow is switched to the bypass. The valves on the injector are 
closed. After another 10 min all the heating is shut down, and the reactor is allowed 
to come to room temperature in a reduced flow of H2.
Operating conditions. The operating conditions used in the Pedestal reactor are 
given in Table 3.3. Typically alcohol partial pressure is 10 Torr. The Cu(hfac)2 partial 
pressure is about 1 Torr. These partial pressures are obtained using a precursor/z-PrOH 
solution concentration of 0.4 g of precursor (ml of solution)'1 and a solution transport 
rate of 0.05 ml m in1. The H2 pressure is 40 Torr. The flow rate of H2 is maintained 
at 38 seem. Deposition temperature is 300 °C. Rectangular TiN/Si or SS substrates 
of area 2 cm2 are used for depositing the Cu films. Specific conditions used in certain 
experiments will be defined in Chapter 6.
3.4 Characterization techniques
This section describes the techniques used for characterization of film properties, 
and analysis of the residual gas in the reactor. Preliminary efforts were initiated to 
incorporate these techniques towards the later part of this research. The 
Environmental Scanning Electron Microscope (ESEM) is used for determining the film 
morphology. A 4-point electrical probe is used for resistivity of the deposited Cu film 
(on TiN/Si substrates). The Quadrupole Mass Spectrometer (QMS) is designed for the 
analysis of the gas in the warm-wall Pedestal reactor. Each of these equipment is 
described briefly below:
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ESEM is used for determining the film morphology. We use an Electroscan 
machine. The ESEM is located in the Department of Chemical Engineering at LSU. 
The magnification used for the scans is 5000X. The e-beam voltage is 20 KeV.
4-point probe is used for film resistivity measurement. It measures the sheet 
resistance of the deposited Cu film. With a prior knowledge of the film thickness, the 
resistivity can be calculated. Use of the Veeco Instruments Model FPP-100 Four Point 
Probe is made possible courtesy Professor Ajmera at the Department of Electrical 
Engineering, LSU. The probe spacing is 0.0625". The spring pressure on each probe 
is 120 grams.
QMS. The QMS (Fisons Instruments, model SXP Elite 600D) is intended for 
sampling and analysis of gas phase products and reactants. The QMS station is 
connected to the warm-wall Pedestal reactor. A small amount of the flow containing 
reactants and products (<  2.5 cm3 min-1) flows into the arm of the tee which houses 
the QMS interface and gives an analysis of the flow stream. The QMS has a mass 
range of 1 - 600 amu. Spectrometer operation and data acquisition are computer 
controlled using the QUASAR software supplied by the vendor. It is capable of 
repetitive analog mass scans along a continuous mass range, as well as histogram output 
of widely separated individual m/e peaks.
Initial calibration tests were done to determine the fragmentation pattern of 
Cu(hfac)2 in H2 carrier gas. However, a steady decrease in peak signals was observed, 
suggesting possible coating of the QMS internals. For this reason the QMS was 
discontinued from being used for CVD experiments.
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CHAPTER 4 
H2 REDUCTION OF Cu(HFAC)2 
This chapter presents the results of experiments conducted to determine the 
kinetics of Cu(hfac)2 reduction in H2 gas using the hot-wall TGA reactor. Section 4.1 
presents the results of experiments at base case conditions. Section 4.2 presents the 
reaction order experiments, which consist of the effect of Cu(hfac)2, H2, and H(hfac) 
pressure on the steady-state Cu deposition. Section 4.3 presents a Langmuir- 
Hinshelwood model for the rate expression that can account for the dependence of the 
deposition rate on the reaction order variables. Based on the model a mechanism is 
proposed, followed by a detailed discussion of each of the elementary steps in the 
mechanism. Section 4.4 summarizes the results.
4.1 Base case results
The base case results follow from the successful culmination of preliminary 
Cu(hfac)2 reduction experiments using H2 in the TGA reactor. The base case operating 
conditions of concentration, flow, and temperature yield deposition rates that are 
quantifiable, and satisfy the primary requirement that the overall conversion remain 
differential. The apparatus for the hot-wall TGA reactor and operating procedure has 
been described in detail in Chapter 3.1.
Table 4.1 gives the base case operating conditions. Stainless steel (SS) 
substrates yield the smallest barrier for film formation of several materials tested. This 
ensures that the weight change measurements reflect the rate of steady-state growth, 
without being clouded by nucleation-induced lag time. For all the experiments studied 
here, the graph of sample weight change vs. time provided by the TGA microbalance
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Table 4.1 Base case operating conditions for H2 reduction of Cu(hfac)2
Operating parameter Value
Substrate Stainless steel, 2 cm x 1 cm 
x 0.15 mm thick
H2 pressure 40 Torr
Cu(hfac)2 partial pressure 1.8 Ton-
Substrate temperature 300 °C
Evaporator temperature 90 °C
Volumetric flow rate 24.8 seem (70 % through evaporator)
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is a straight line that passes through the origin. The H2 pressure is 40 Torr. The 
Cu(hfac)2 evaporator is maintained at 90 °C which yields a partial pressure of 1.8 Torr. 
Deposition temperature is 300 °C. The flow rate of H, is maintained at 25 seem.
Table 4.2 gives the results of the base case experiments. Column 1 gives the 
experiment number. Columns 2 and 3 give the evaporation rate of Cu(hfac)2, and 
collection rate of unreacted Cu(hfac)2 in the trap. Columns 4 and 5 give deposition rate 
of Cu on the substrate and glass reactor wall, respectively. The deposition rates are 
calculated from a knowledge of the mass deposition, deposition area, and reaction time 
(60 min). Column 6 gives the conversion of Cu(hfac)2, which is the limiting reactant. 
Conversion is calculated from the flux of Cu(hfac)2 to the reactor (evaporation rate), 
and its net loss as Cu (substrate and reactor wall deposition rate). The average of each 
column is given at the bottom of the table. The results highlight the following:
CufhfacV, evaporation rate. The Cu(hfac)2 evaporation rate is 0.024 ±  0.0025 
g min'1. This corresponds to a mass transport of 1.4 ±  0.15 g for a 60 min 
experiment. The standard deviation is 10% of the average and represents a random 
run-to-run variation. 50% of this variation can be attributed to measurement error (see 
error analysis below). From the evaporation rate and the total system pressure a 
Cu(hfac)2 partial pressure of 1.85 ±  0.19 Torr is calculated at the reactor inlet.
Unreacted Cufhfac)-. collection rate. The average trap collection rate is 0.022 
±  0.0022 g min'1. The trap collection rate is close to the evaporator loss which shows 
that the reactant conversion is low.
Substrate deposition rate. The average deposition rate of Cu is 0.49 ±  0.074 
mg cm'2 h r 1. This corresponds to a mass deposition of 1.96 ±  0.296 mg for a 60 min


































120294 0.0220 0.0220 0.450 0.344 (9.3) 6.3
020395 0.0216 0.0190 0.600 0.055 (1.5) 2.3
040595 0.0233 0.0220 0.525 0.328 (8.8) 5.9
040795 0.0278 0.0250 0.437 0.355 (9.6) 5.1
042095 0.0248 0.0235 0.425 0.328 (8.8) 5.3
0.024 ±  0.0025 0.022 ±  0.0022 0.49 ±  0.074 0.282 ±  0.127 4.9 ±  1.6
Evaporation temperature = 90 °C 
Deposition temperature =  300 °C 
Flow rate =  25 seem
2
experiment with a deposition area of 4 cm2. The standard deviation is 15% of the 
average and represents a random run-to-run variation. 25% of this variation can be 
attributed to measurement error (see error analysis below).
A mass deposition rate of 1 mg cm'2 hr'1 corresponds to a thickness growth rate 
of 18.6 nm min*1 assuming a fully dense film. This leads to a deposition rate of 9.2 
nm min'1 for the base case experiments. This result compares well with the work of 
Wang [1995] which predicts a growth rate of 6 nm min'1 when extrapolated to the base 
case conditions. It is also consistent with the value of 3 nm min'1 reported by Awaya 
[1992] at a lower partial pressure of 0.9 Torr Cu(hfac)2 and H2 pressure =  14 Torr. 
However, Kim [1993] predicts a significantly higher growth rate of 70 nm min'1 when 
extrapolated to the current base case conditions. Their own experiments were 
performed at a lower Cu(hfac)2 pressure of 0.15 - 0.7 Torr, H2 pressure of 2 - 10 Torr 
and deposition temperature of 330 °K.
Wall deposition. The average deposition rate is 0.282 ±  0.127 mg cm'2 hr'1. 
The measured value of the deposition length is 4 ±  1.5 cm. Deposition occurs at the 
inlet of the reactor in the form of a band that starts about 7 cm above the position of 
the substrate (i.e center of the reactor tube). Significant wall deposition is not observed 
at the center. This indicates that film nucleation is selective to the stainless steel 
substrate at these conditions. The deposition at the inlet is surprising, as the 
temperature at the inlet is about 50 °C lower than that at the center. A possible reason 
is that the build-up of H(hfac) product (see section 4.2.3) along the length of the reactor 
tube has an inhibiting effect against further nucleation. Wall deposition accounts for 
about 80% of the total deposition because of the larger area available for deposition.
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Conversion. The conversion is obtained from the weight change of the 
evaporator and the total Cu deposition (substrate +  wall). It is verified by the close 
match of the evaporator and trap weight changes shown above. The average conversion 
is 4.9 ±  1.6%. This shows that operating near the base case conditions gives 
differential conversion of the limiting reactant.
Error analysis. The standard deviation (la) in the calculated value of substrate 
deposition rate is roughly about 15 % of the average value. As later results will show 
this apparently large run-to-run variation has continued throughout the experiments 
described in this dissertation. The source of this variation could be the following:
1. Error resulting from weight measurement of the substrate can explain some 
of the spread in the data. The balance used for measuring the weight change of the 
substrate has a resolution of 0.1 mg. This leads to an inherent uncertainty E =  ±  0.05 
mg for any single weight measurement. In calculating a weight change (2 
measurements) the propagation of error leads to a total error of (2 x E2)0-5 =  0.07 mg. 
Thus 25% of the uncertainty in the substrate deposition rate can be attributed to 
measurement error.
2. The balance used for measuring the weight change of the evaporator has a 
resolution of 0.1 g. This leads to an inherent uncertainty E =  ±  0.05 g for any single 
weight measurement. In calculating a weight change (2 measurements) the propagation 
of error leads to a total error of (2 x E2)0-5 =  0.07 g. This explains 50% of the 
uncertainty in the evaporator weight loss. Thus even though a tight control was 
maintained  over the process conditions, variations in precursor evaporation rates could 
not be eliminated and could lead to the variation in the substrate deposition rate.
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3. Variation in the degree of cleanliness of substrate and reactor tube can lead 
to variation in the film nucleation and growth. Degassing from the walls of the 
apparatus during the experiment is also a potential source of impurities that can adsorb 
on the surface, either inhibiting or accelerating film nucleation and growth.
4.2 Reaction order experiments
This section presents the results of the reaction order experiments. The effect 
of Cu(hfac)2, H2, and H(hfac) on the steady-state Cu deposition is studied. Cu(hfac)2 
and H2 are the reactants of the deposition reaction, and H(hfac) is the product.
4.2.1 Effect of Cu(hfac)2
The effect of Cu(hfac)2 on Cu CVD is studied by varying the Cu(hfac)2 pressure 
while keeping other parameters like H2 pressure, deposition temperature, and 
volumetric flow rate unchanged. The partial pressure of Cu(hfac)2 is varied from 0.25 
Torr to 5.0 Torr. Cu(hfac)2 partial pressure is changed by varying the evaporation 
temperature. Evaporation temperatures of 70, 80, 90 (base case results), and 100 °C 
are used. The H2 pressure is 40 Torr. The deposition temperature is 300 °C. The 
volumetric flow rate is 25 seem. Stainless steel substrates are used.
The results of the Cu(hfac)2 reaction order experiments are shown in Figure 4.1 
(also see Table 4.3). The x axis gives the partial pressure of Cu(hfac)2 at the reactor 
exit which is calculated using the inlet partial pressure and the total conversion. The 
y axis shows the substrate deposition rate. The open symbols indicate measured growth 
rates. The solid line shows the fit of the optimized Langmuir-Hinshelwood rate 
expression (section 4.3).

















0.8 Other conditions: 
Ph2 = 40 Torr 
PH(hfac) = 0.2 Torr 




















































063095 70 0.0050 0.301 0.250 9.0 23
062695 80 0.012 0.805 0.425 6.0 8.3
062395 80 0.010 0.624 0.275 13.2 18
060695 90 0.032 2.298 0.75 6.0 8.3
052695 90 0.014 1.020 0.575 9.3 10
042095 90 0.025 1.778 0.425 8.8 5.3
040795 90 0.028 1.965 0.438 9.6 5.1
040595 90 0.023 1.682 0.525 8.8 5.9
020395 90 0.022 1.608 0.600 1.5 2.3





































070595 100 0.047 3.081 0.250 17.4 4.9
062195 100 0.072 4.674 0.400 11.3 2.2
061695 100 0.048 3.643 0.525 6.6 3.2
052495 100 0.066 4.557 0.275 9.3 1.4
1 - at exit conditions 
H2 pressure =  40 Torr 
Deposition temperature = 300 °C
-jo
Figure 4.1 shows that the rate initially increases with Cu(hfac)2 partial pressure 
up to 2.0 Torr. The rate passes through a maximum value near PCu(hfac)2 =  2 Torr. 
The rate decreases at higher values of partial pressure. This behavior in the H, 
reduction of Cu(hfac)2 suggests that the rate limiting step is a bimolecular surface 
reaction involving adsorbed Cu(hfac)2 and H2. At high PCu(hfao2 die adsorbed Cu(hfac)2 
species saturate the surface thereby preventing the adsorption of the H2 co-reactant 
molecules. A lack of hydrogen atoms on the surface decreases the rate.
The results of Figure 4.1 are also given in Table 4.3 with additional 
information. Column 1 gives the experiment number. Column 2 gives the evaporation 
temperature. Column 3 gives the precursor evaporation rate. Column 4 gives the 
partial pressure of Cu(hfac)2 at the reactor exit. Column 5 gives the deposition rate. 
Column 6 gives the wall deposition. Column 7 gives the conversion.
We see that increasing the evaporation temperature increases the PCU(hfac)2 - We 
also see that the wall deposition is independent of PcU(hfao2 leading to higher conversion 
values at the lower end of pressure. This may suggest that deposition on the wall is 
nucleation limited, and that the accumulation of a critical amount of H(hfac) precludes 
further deposition. In any event, for the majority of the experimental data the 
conversion is less than 10%.
4 .2 .2  Effect of H 2
The effect of H2 on copper CVD is studied by varying the H2 pressure while 
keeping other parameters like PCu(hfac)2* deposition temperature, and volumetric flow rate 
unchanged. The range of H2 pressure studied is 20 - 80 Torr. H2 pressure is changed 
by manipulating the needle valve at the reactor exit. This changes the residence time
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of the reactants for each operating H, pressure (residence time decreases with 
decreasing H2 pressure and vice versa). Because the conversion levels are typically less 
than 10%, these differences in residence time are not expected to influence the kinetics. 
Cu(hfac)2 evaporation is carried out at 90 °C. The average partial pressure of Cu(hfac)2 
at the reactor inlet is 1.8 ±  0.31 Torr. The deposition temperature is 300 °C. The 
volumetric flow rate is 25 seem. Stainless steel substrates are used.
The results of the H2 reaction order experiments are shown in Figure 4.2 (also 
see Table 4.4). The x axis gives H2 pressure. The y axis gives the substrate deposition 
rate. The open symbols indicate measured growth rates. The solid line shows the fit 
of the optimized rate expression (section 4.3). In going from 20 to 40 Torr H2 pressure 
we see that the deposition rate doubles. For H2 pressure greater than 40 Torr the 
dependence becomes less than first order. Overall, a 4-fold increase in H2 pressure 
results in a 2 1/2 fold increase in deposition rate. This is suggestive of half-order 
kinetics that is commonly associated with dissociatively adsorbed H2.
The results of Figure 4.2 are also given in Table 4.4 with additional 
information. Column 1 gives the experiment number. Column 2 gives the H2 pressure. 
Column 3 gives the Cu(hfac)2 pressure. Column 4 gives the substrate deposition rate. 
Column 5 gives the wall deposition. Column 6 gives the conversion.
We see that the wall deposition shows a negligible dependence on H2 pressure 
up to 40 Torr. However doubling the pressure to 80 Torr increases the wall deposition 
by about 50%. Additionally, at the higher pressure deposition is observed at the 
reactor exit. This shows that addition of H2 lowers the inhibition barrier on the glass 
wall due to product H(hfac) build-up. However, deposition continues to be selective




































Pcu(hfac)2 = 1.8 Torr 
PH(htac) = 0.2 Torr 
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011795 18.8 1.52 0.225 8.7 2.7
030695 24.1 1.17 0.247 8.4 4.4
060695 38.6 2.29 0.750 5.1 3.1
040795 39.4 1.96 0.438 9.6 5.1
120294 40.0 1.55 0.450 9.3 6.3
020395 40.3 1.60 0.600 1.5 2.2
042095 40.1 1.77 0.425 8.8 5.3
040595 40.6 1.68 0.525 8.9 5.9
011495 79.7 2.01 0.550 4.0 5.9
021695 82.0 1.43 0.625 11.6 16.0
011095 83.7 1.21 0.400 16.0 23.0
1 - at exit conditions
Deposition temperature = 300 °C
at the substrate position. The increased wall deposition is also reflected in the increase 
in conversion from less than 10% at 20 and 40 Torr H2 pressure, to higher values at 
80 Torr.
4.2.3 Effect of H(hfac)
The effect of H(hfac) on Cu CVD is studied by adding H(hfac) to the system 
while keeping other parameters like Pcu<Mac)2 » Pm, deposition temperature, and 
volumetric flow rate unchanged. H(hfac) is introduced using the glass evaporator 
apparatus (see Chapter 3.2) placed in the H2 purge line. The evaporation temperature 
is -15 °C. In the absence of H(hfac) addition (base case experiments) the calculated 
H(hfac) pressure at the reactor exit is about 0.2 Torr. The addition of H(hfac) gives 
PfKhfac) =  3.5 Torr. Cu(hfac)2 evaporation is carried out at 90 °C. This gives PCua>fac)2 
=  1.8 Torr. The H(hfac)/Cu(hfac)2 molar ratio is thus maintained around 2. 
Stoichiometrically, such a high concentration of H(hfac) would be observed in a CVD 
reactor only if the conversion of Cu(hfac)2 is around 50%. The H2 pressure is 40 Torr. 
H2 flow rate is 25 seem. Deposition temperature is 300 °C. Stainless steel substrates 
are used.
The results of the H(hfac) reaction order experiments are shown in Figure 4.3 
(also see Table 4.5). The x axis gives the H(hfac) pressure calculated at exit 
conditions. The y axis gives the substrate deposition rate. The open symbols indicate 
measured growth rates. The solid line shows the fit of the optimized rate expression 
(see section 4.3). The results of the base case experiments at low H(hfac) concentration 
have been reproduced here for comparison. We see that the deposition rate on the 
substrate decreases to 0.25 mg cm'2 h r 1, which is about half of that in the absence of

















0.8 Other conditions: 
Pcu(hfac)2 = 1 .8 Torr 
Ph2 = 40 Torr 






















































041295 3.42 1.56 0.25 0.9 1.1
041495 3.28 2.17 0.25 1.0 0.86
060695 0.148 2.23 0.75 6.0 8.3
052695 0.233 1.02 0.58 9.3 10.0
042095 0.200 1.78 0.42 8.8 5.3
040795 0.212 1.96 0.44 9.6 5.1
040595 0.212 1.68 0.52 8.8 5.9
020395 0.074 1.61 0.60 1.5 2.3
120294 0.211 1.56 0.45 9.3 5.9
1 - at exit conditions
H2 pressure = 40 Torr; Deposition temperature = 300 °C
added H(hfac). This clearly demonstrates the inhibition effect of H(hfac) on steady- 
state growth. This result has a direct implication to reactor design in that product 
inhibition will have a significant effect on the deposition rate if the reaction is 
performed at conversions above 50%.
Additional results are shown in Table 4.5. Column 1 gives the experiment 
number. Columns 2 and 3 give the partial pressures of H(hfac) and Cu(hfac)2 at the 
reactor exit. Column 4 gives substrate deposition rate. Column 5 gives the reactor 
tube deposition rate. Column 7 gives the conversion.
The results show that addition of H(hfac) decreases the wall deposition from 9 
mg hr'1 to 1 mg h r 1. Thus inhibition on the glass reactor tube is much more 
pronounced as compared to the metallic substrate. This shows that accumulation of 
H(hfac) product has a stronger effect on film nucleation and selectivity as compared to 
steady state growth.
4.3 Modeling of kinetic results
This section describes the development of a mechanistic model to describe the 
kinetic results shown above. Section 4.3.1 presents a Langmuir-Hinshelwood rate 
expression that can account for the dependance of steady-state deposition rate on the 
reaction order variables. Section 4.3.2 proposes a reaction mechanism based on the LH 
rate expression.
The modeling of the results is based on the following observations:
1. The influence of Cu(hfac)2 partial pressure on the deposition rate as seen in 
Figure 4.1 suggests a bimolecular surface reaction mechanism with competitive 
adsorption of reactants.
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2. The dependence of deposition rate on H2 pressure as seen in Figure 4.2 is 
suggestive of half-order kinetics that is commonly associated with dissociative 
adsorption of H2 on metal surfaces.
3. Figure 4.3 shows that H(hfac) acts as a inhibitor for Cu CVD. When the 
H(hfac) pressure equals twice the Cu(hfac)2 pressure, substrate deposition is halved.
4.3.1 Langmuir-Hinshelwood rate expression
This section shows the development of a Langmuir-Hinshelwood (LH) rate 
expression that can be effectively used to explain the observations mentioned above. 
The rate expression is obtained by a linear regression analysis of the kinetic data. 
Further, the optimized rate constants are obtained by nonlinear analysis. The 
agreement of the rate expression with data is demonstrated. Lastly inferences towards 
a likely mechanistic pathway suggested by the rate expression are presented.
The LH rate form is very commonly used to explain surface reaction kinetics. 
The choice of a LH type rate expression is based on the suggestion of a bimolecular 
surface reaction between adsorbed Cu(hfac)2 and adsorbed, dissociated H2 from the 
experimental data. The rate expression consists of a numerator (driving force group) 
and a denominator (adsorption group) raised to a real number exponent [see Froment 
and Bischoff 1990]. The numerator reflects the active reactant species in the rate 
determining step. The denominator is the sum of coverages of the individual adsorbed 
species. The exponent of the denominator reflects the number of surface sites involved 
in the rate determining step.
Optimized rate expression. Starting from a basic LH expression incorporating 
relevant contributions from Cu(hfac)2, H2, and H(hfac), and using the Cu(hfac)2 reaction
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order data (see Table 4.3), a linear regression analysis is carried out first. The reaction 
order exponent of each reactant partial pressure in the numerator, the reaction order 
exponent of the denominator, and the adsorption coefficient of each reactant or product 
species within the denominator is varied. An indication of the goodness of the fit to 
experimental data is obtained by calculating the variance. A rate expression is 
statistically better than the previous one if a reduction of 5 % or more is obtained in 
the variance.
The search leads to the optimized form of the rate expression given below:
k l  KcuChfac^ ( K t c ) 172 Pcu(hfac)2 ( P i c ) 1/2 
r =    [4.1]
[ 1 +  K Cu(hfac)2 PCu(hfac)2 + (Kh2)I/2 (Pm)*72 + KH(hfac)P H(hfac) ]3
kl is the overall rate constant for the reaction in mg cm'2 hr'1 
Kcu(hfac)2 is equilibrium constant for Cu(hfac)2 adsorption (Torr1)
Km is the equilibrium constant for H2 adsorption (T orr1)
KH(hfao is the equilibrium constant for H(hfac) adsorption (Torr1)
Pj are the reactant and product partial pressures (Torr)
In equation 4.1 the numerator is first order in Cu(hfac)2 and half order in H2. The 
denominator is third order, and contains adsorption terms for Cu(hfac)2, H(hfac), 
and H2.
Nonlinear regression. With the optimized rate expression and initial guesses of 
rate constants obtained from earlier modeling work [Borgharkar 1996], a nonlinear 
regression is used to determine the optimized values of the unknown parameters in 
equation 4.1. The computational tool used for this analysis is MathCad 5.0. The
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Minerr subroutine was found to be stable and converging for all the computations. The 
analysis yields the optimized values of the rate constants in the proposed rate 
expression:
kj =  41 mg cm'2 h r 1 =  1.1 ±  0.3 x 1017 molecules cm'2 s'1 
Kcu(hfac)2 =  0.31 ±  0.07 Torr1 
^  =  2.9 x 104 T orr1 
*̂H(hfac> =  0.14 +  0.08 T orr1 
These values are determined by applying nonlinear regression to the appropriate subsets 
of the measured kinetic data. For example, the value of KCu0lfac)2 is calculated using the 
Cu(hfac)2 variation results shown in Figure 4.1, while KH(hfac) is calculated using the 
H(hfac) inhibition results shown in Figure 4.3. The two analyses are repeated 
sequentially until they converge on a self-consistent set of values for klt Kcu(hfac)2, and 
KH(hfac) • The value of is readily obtained from literature studies of H2 adsorption 
[Campbell 1991].
Sensitivity analysis. A roughly 26% change is needed in the forward rate 
constant k! to change the maximum in the deposition rate by a value =  0.125 mg cm'2 
hr'1 which is the standard deviation (see below) in the fit of the model to the Cu(hfac)2 
reaction order plot, Figure 4.1. This results in an uncertainty of ±  0.3 x 1017 
molecules cm'2 s'1 in kj. A roughly 22% change is needed in the adsorption constant 
Kcu(hfaC)2 to shift the location of the maximum in the deposition rate by a value = 0.4 
Torr which is the mean standard error in the Cu(hfac)2 pressure in the Cu(hfac)2 
reaction order plot (Figure 4.1). This results in an uncertainty of ±  0.07 Torr'1 in 
Kcuoifacn- Finally, a roughly 50% change is needed in the adsorption constant KH(hfac)
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10 change the deposition rate by a value =  0.125 mg cm'2 h r1 at the high end of 
H(hfac) pressure in the H(hfac) reaction order plot (Figure 4.3). This results in an 
uncertainty of ±  0.08 T orr1 in KH(h&c).
Fit to experimental data. The fit of the proposed form of the Langmuir- 
Hinshelwood rate expression can be demonstrated using linear regression applied to an 
appropriate transformation of the data. This is shown in Figure 4.4 where the 
measured values of [PCuchfao2 (Pm)172 / r ]1/3 are plotted against the values of PCu(hfac)2 
(open symbols). The solid line is obtained by linearizing the rate expression and has 
a slope = [KcuotfacjJ / IX Kcu(hfac)2 (Khz)172] 1/3 =  0.52 and an intercept =  [1 +
KH(hfac)PH(hfac) +  (Kh2 Ptc)10] I Kcu(hfac)2 (Khz)1/2]1/3 = 1.9.
The fit of the rate expression to experimental data has already been demonstrated 
in Figures 4.1, 4.2, and 4.3. The value of the standard deviation for the fit to the 
Cu(hfac)2 pressure data in Figure 4.1 is 0.125 mg cm'2 h r1. The value of the standard 
deviation for the fit to the H2 pressure data in Figure 4.2 is 0.149 mg cm'2 hr'1. The 
value of the standard deviation for the fit to the H(hfac) pressure data in Figure 4.3 is
0.108 mg cm'2 hr'1.
Mechanistic inference. The third order exponent of the denominator suggests 
that three active sites are involved in the rate determining step. The reaction orders 
found for the numerator of the optimized rate expression suggests that the rate limiting 
step in the overall mechanism is the surface reaction between the adsorbed H atoms and 
adsorbed Cu(hfac)2 molecules or their dissociation products. The third site could 
possibly be a vacant site. This site would allow the initially adsorbed Cu(hfac)2
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Figure 4.4 Langmuir-Hinshelwood transformation of kinetic data
00u>
molecule to dissociate, producing an adsorbed Cu(hfac) species and an adsorbed (hfac) 
ligand.
This is consistent with the Cu(hfac)2 adsorption study of Girolami [1993] who 
showed that at low Cu(hfac)2 dosage of 0.5 L the Cu(100) surface is dominated by 
adsorbed hfac ligands. This indicates a scission of the adsorbed Cu(hfac)2 molecule, 
followed by migration of the (hfac) ligand away from the central metal atom.
4.3.2 Reaction mechanism
This section proposes a reaction mechanism for the reduction of Cu(hfac)2 in the 
presence of H2. The mechanism is based on the inferences drawn from the LH rate 
expression shown above. Next, the elementary kinetics for each of the steps is 
elucidated based on the rate parameters obtained from the LH rate expression. The rate 
limiting step is discussed in detail. Finally, based on the analysis of the rate constants, 
similarities in the Cun(hfac)2 reduction and Cur(hfac)(L) disproportionation mechanisms 
are shown.
M echanism . With the aid of the rate expression and the assumptions proposed, 
the reaction mechanism can be expressed in terms of the elementary steps shown in 
equations 4.2 - 4.6. The adsorption of Cu(hfac)2, H2, and H(hfac) are equilibrated 
processes and are shown in equations 4.2, 4.3, and 4.4. The rate limiting step is the 
reaction between Cu(hfac)2 adsorbed on a vacant site and an adsorbed H atom and is 
shown in equation 4.5. Equations 4.6 completes the mechanism and involves the 
deposition of Cu. The proposed mechanism is shown below:
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Cu(hfac)2 (g) +  2D ** [Cu(hfac) (a)][(hfac) (a)] [4-2]
H2 (g) + 2D  -  2H (a) [4.3]
H(hfac) (g) +  2D «* (hfac) (a) +  H (a) [4.4]
Cu(hfac) (a)][(hfac) (a)] +  H (a) -* Cu(hfac) (a) +  H(hfac) (g) [4.5]
The elementary kinetics of each of the above steps is discussed below:
Cu(hfac)7 adsorption. The parameter Kr„(h<i-y> represents the equilibrium constant 
for the adsorption of Cu(hfac)2. The value determined from the LH rate expression,
i.e. 0.312 Torr'1, is more than three orders of magnitude larger than the value for 
physical adsorption that can be estimated by extrapolating the reported equilibrium 
vapor pressure for Cu(hfac)2 (i.e. 1/Pvap at 300 °C =  10"4 Torr'1) as given by Wolf 
[1972]. This suggests that the adsorption process involves the formation of a 
chemisorption bond, which is consistent with the proposed dissociation of the first 
(hfac) ligand from the parent molecule shown in the mechanism.
Further, the gas-surface collision frequency for Cu(hfac)2 at 300 °C predicted 
by kinetic theory is Z =  6.7 x 1019 molecule cm'2 s'1 Torr1. Additionally, Girolami 
[1993] reported the formation of a saturated monolayer of Cu(hfac)2 at 300 °K when 
exposed to 20 L. Based on a saturation coverage of half that of 5.0 x 1014 molecules 
cm'2 reported for hfac groups [Lin 1996] (as the size of the adsorbed Cu(hfac)2 
molecule can be assumed to be roughly twice that of adsorbed (hfac) ligand), yields an 
estimate of the sticking coefficient for dissociative adsorption of Cu(hfac)2 to be close 
to 0.1. This yields an estimate of k ^  r,.^ ) ? =  6.7 x 1018 molecule cm'2 s'1 T orr1 for
Cu(hfac) (a) -*■ Cu(s) +  (hfac) (a) [4.6]
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the forward rate constant for Cu(hfac), adsorption. Combined with our result for 
Kcu(hfac)2> this gives an estimate of kdes Cu(hfac)2 = 2.1 x 1019 molecule cm'2 s'1 for the rate 
constant for recombinative desorption of Cu(hfac)2.
H, adsorption. The adsorption of H2 is generally assumed to occur 
dissociatively and reversibly on metal surfaces and includes a modest activation barrier. 
Adsorption on Cu surfaces has been studied extensively for catalysis. The gas-surface 
collision frequency for H2 at 300 °C predicted by kinetic theory is Z =  1.04 x 1021 
molecule cm'2 s'1 Torr'1. For adsorption on a Cu(110) surface, Campbell [1991] repons 
a value of sticking coefficient which can be approximated as follows :
Sjc =  107 exp [ -14.3 kcal mole'1 / RT ] [4.7]
At 300 °C this yields a value of sticking coefficient =  3.582 x 10"6. This gives an 
estimate of k^pc = 3.71 x 1015 molecule cm'2 s'1 Torr'1 for the forward rate constant 
for H2 adsorption.
Of the three references available for determining the desorption rate constant, 
Campbell [1991] provides a median value. The reported activation energy is 13 kcal 
gmole'1, and the pre-exponential factor is 1.21 x 1024 molecule cm'2 s'1. This gives an 
estimate of k ^ ^  = 1.274 x 1019 molecule cm'2 s'1. The estimates of k ^  ic from Anger 
[1989] and Wachs [1978] are 5.2 x 1019 molecule cm'2 s'1 and 3.1 x 1018 molecule cm'2 
s'1, respectively. The reasonable agreement between the different sources places a lot 
of confidence on the estimate of the H2 adsorption equilibrium constant used. Using 
the adsorption and desorption rate constant values from Campbell [1991], we obtain a 
value of Kpc =  2.9 x 10*4 Torr'1.
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H(hfac) adsorption. The parameter KH(hfac) represents the equilibrium constant 
for the adsorption of H(hfac). The magnitude of KH(hfac) =  0.138 Torr'1 is close to that 
of Kcu(hfac)2 =  0.312 Torr'1. Girolami [1993] reports that H(hfac) adsorbs readily on 
both C u (lll)  and Cu(100) surfaces to produce adsorbed H atoms and (hfac) ligands. 
The exact value of KH(hfac) is about one-half the value of K o ^ .^ , which stems from the 
observed kinetic result that product inhibition begins to have a significant effect on the 
reaction kinetics when the partial pressure of H(hfac) is increased to about twice the 
partial pressure of Cu(hfac)2.
Further, the gas-surface collision frequency for H(hfac) at 300 °C predicted by 
kinetic theory is Z = 1.0 x 1020 molecule cm'2 s’1 Torr'1. Using a sticking coefficient 
similar to that for Cu(hfac)2 yields an estimate of k ^  h ^ )  =  1.0 x  1019 molecule cm'2 
s'1 T orr1 for the forward rate constant for H(hfac) adsorption. This gives an estimate 
of kdes.Hftfac) =  7.2 x 1019 molecule cm'2 s'1 for the pseudo-first-order-rate constant for 
H(hfac) desorption. If we further incorporate a factor of (Km Pm)112 to describe the H 
atom coverage, we can extract an estimate of k ^  H(hfilc) =  6.9 x 1020 molecule cm'2 s'1 
for the rate constant for recombinative desorption of H(hfac).
Surface reaction - rate limiting step. The value of kt = 1.1 x 1017 molecule 
cm'2 s'1 represents the rate constant for the proposed limiting step in the overall 
reaction, i.e., the reaction between an adsorbed H atom and the (hfac) ligand that has 
dissociated from the adsorbed Cu(hfac)2 molecule.
A justification of the above assumption can be obtained by a comparison of the 
individual rates, remembering that the rate of each reaction is a product of the rate 
constant and a pressure, and/or coverage term. In the absence of numerical values of
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surface coverages a qualitative analysis can still be carried out knowing that the surface 
coverage of any adsorbed species is a fraction. Additionally, the order of magnitude 
of partial pressure decreases as shown: Ph2 =  40 Torr >  PCu(hfao =  2 Torr >  PH(hfac) 
=  0.2 Torr.
The value of kt = 1.1 x 1017 molecule cm'2 s'1 is 2 - 3 orders of magnitude 
lower than either of the estimated rate constants for the desorption of Cu(hfac)2 
(kdes.cu(hfac>2 =  2.1 x 1019 molecule cm'2 s'1) or readsorbed H(hfac) (kdeStH(hfac) =  7.2 x 1019 
molecule cm'2 s'1). This shows that the two adsorption steps are essentially at 
equilibrium. Additionally, though ^  =  3.71 x 1015 molecule cm'2 s'1 Torr"1 is two 
orders of magnitude smaller than kt, the product of k ^ ^  x P ^  is clearly greater than 
kt x product of fractional H and Cu(hfac)(hfac) coverages. This excludes H2 adsorption 
from being the slowest step, and implies that H2 adsorption is at equilibrium too. This 
shows that the surface reaction step is rate limiting, while the remaining steps are 
essentially at equilibrium.
Additionally, the small value of kt relative to the estimated desorption rate 
constant for re-adsorbed H(hfac) implies that there is a significant difference between 
(hfac) ligands that are adjacent to adsorbed Cu(hfac) species, as compared to the (hfac) 
ligand derived from re-adsorbed H(hfac) molecules. A possible reason for this is that 
the dissociated (hfac) ligand produced by Cu(hfac)2 adsorption may retain an attractive 
interaction with its neighboring Cu(hfac) species, causing it to be more stable than a 
"free" (hfac) ligand that could desorb with a H atom.
Cu deposition. The last step in the mechanism represents the dissociation of the 
Cu(hfac) species formed in the previous step. This step is required to complete the
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stoichiometry of the overall reaction. Spectroscopic evidence for the dissociation of 
Cu(hfac) has been reported by Girolami [1993]. Because this step follows the rate 
limiting step, it is not possible to determine its rate constant or elementary reaction 
order from measurement of the overall rate. For the same reason, it is not possible to 
determine whether the newly released (hfac) ligand is more likely to be removed by 
reaction with an adsorbed H atom, or with another adsorbed Cu(hfac) species. The 
later pathway appears more plausible as this would be consistent with the previous 
suggestion of a significant attractive interaction between Cu(hfac) species and (hfac) 
ligands.
Comparison with literature. The recombinative desorption of Cu(hfac)2 in 
equation 4.2 of the Cu(hfac)2 reduction mechanism is reproduced below:
Cu(hfac) (a) (hfac) (a) -*■ Cu(hfac)2 (g) [4.8]
Where r ^des,Cu(hfac)2 ^Cu(hfac) ^hfac [4.9]
The above step is similar to the disproportionation step in Cu1 chemistry as shown
below:
Cu(hfac) (a) +  Cu(hfac) (a) -* Cu(hfac)(a) (hfac) (a) +  Cu [4.10]
where r =  k^curo [^okm*)]2 [4.11]
The 0; represents the surface coverage of each adsorbed species.
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The value of k^cuoifaoi =  2.1 x 1019 molecule cm'2 s'1 reported above is
consistent with reported growth rates for Cu1 disproportionation. For example, a
reaction rate of 8 x 1018 molecule cm'2 s'1 can be extrapolated from the kinetic results 
for Cu(hfac)(2-butyne) [Jain 1991]. This provides a lower limit of k ^  Cufl) =  3 x 1019 
molecule cm'2 s 1 for the surface reaction rate constant assuming equimolar coverages 
of Cu(hfac) species and (hfac) ligands.
Additionally, the above results also appear to be consistent with reported 
activation energies for Cu1 disproportionation. Assuming a pre-exponential factor v0 
= 1013 s'1, and a site density n, =  2.5 x 1014 cm'2, the present value of k ^  Cu(hfac)2
corresponds to an activation energy of =  23.5 kcal mole'1 for recombinative
Cu(hfac)2 desorption. This is quite similar to the activation energy of 23 kcal m ole1 
that has been reported for disproportionation using Cu(hfac)(2-butyne) [Jain 1991],
4.4 Conclusions
The following conclusions can be drawn from this work:
1. The dependence of deposition rate on Cu(hfac)2 partial pressure goes through 
a maximum at PCu(hfx)2 =  2 Torr.
2. Deposition rate shows an overall half order dependence on H2 partial 
pressure.
3. H(hfac) inhibits steady state growth. Product inhibition will have a 
significant effect on the deposition rate if the reaction is performed at conversions above 
50%. Accumulation of H(hfac) product has a stronger effect on film nucleation and 
selectivity as compared to steady-state growth.
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4. A Langmuir-Hinshelwood rate expression has been successfully used to 
explain the kinetic results.
5. The rate limiting step in the proposed mechanism is the surface reaction 
between the adsorbed H atom and the first (hfac) ligand of the adsorbed Cu(hfac)2 
molecule.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER 5 
ALCOHOL-ASSISTED CVD
This chapter presents the results of the addition of alcohol on the H2 reduction 
kinetics of Cu(hfac)2. The kinetic role of alcohols in deposition is elucidated with the 
aim of deriving a mechanistic understanding of the process. These experiments are 
done using the hot-wall TGA reactor. Section 5.1 presents the kinetics of alcohol- 
assisted CVD. The role of alcohols and the carrier gas in the reduction of Cu(hfac)2 
is studied. Section 5.2 shows the extension of the Langmuir-Hinshelwood model 
(described in Chapter 4) to account for the enhancement in the observed deposition rate. 
In section 5.3 a mechanism is proposed to explain the role of alcohols in the deposition 
reaction. Section 5.4 summarizes the conclusions.
5.1 Kinetics o f alcohol-assisted CVD
This section presents the results of alcohol-assisted CVD using the TGA reactor. 
Addition of alcohol leads to an enhancement in the deposition rate of copper using the 
Cu(hfac)2 precursor (Pilkington 1991, Cho 1992, Chiang 1993). However, the extent 
of enhancement has not been well documented. This work quantifies the enhancement 
in deposition rates using alcohols. The effect of three alcohols, namely isopropyl 
alcohol (z-PrOH), ethanol (EtOH), and methanol (MeOH) on Cu(hfac)2 CVD using H2 
carrier gas is shown. Section 5.1.1 presents the results of z-PrOH addition. Sections
5.1.2 and 5.1.3 present the results of MeOH and EtOH addition. In section 5.1.4 the 
role of z-PrOH as the sole reducing agent in the reduction reaction is assessed by using 
N2 as a carrier gas instead of H2.
92
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5.1.1 Effect of /-PrOH
/'-PrOH-assisted CVD experiments are carried out in the TGA reactor by adding 
a glass evaporator for alcohol evaporation to the apparatus. This modification has been 
described in detail in Chapter 3.3. Using the two evaporators in the TGA apparatus, 
separate streams of Cu(hfac)2/H2 and /-PrOH/H2 are prepared independently and mixed 
immediately before entering the reactor. The /'-PrOH evaporation is carried out over 
a temperature range of 0 to 15 °C. This yields a 3 fold variation of the alcohol partial 
pressure from 2 to 6 Torr at the reactor inlet. The Cu(hfac)2 evaporation is carried out 
at 90 °C. This yields a Cu(hfac)2 partial pressure of 1.7 ±  0.22 Torr at the inlet. The 
H2 pressure is 40 Torr. The H2 flow rates through the /-PrOH and Cu(hfac)2 
evaporators are 8 and 17 seem, respectively. The deposition temperature is 300 °C. 
Stainless steel substrates are used.
Substrate deposition. The effect of /-PrOH addition on substrate deposition is 
shown in Figure 5.1 (see also Table 5.1). The x axis gives the calculated /-PrOH 
partial pressure at the reactor exit. The y axis gives the deposition rate on the 
substrate. The open symbols give the experimental values. The solid line is a linear 
fit to the experimental data and is included as a visual aid. The standard deviation in 
the data with respect to the linear fit is 0.451 mg cm 2 h r 1. The figure does not convey 
the variation in the Cu(hfac)2 partial pressure due to conversion (see below).
The results show that addition of /-PrOH leads to enhanced deposition rates. In 
the absence of added /-PrOH, the deposition rate at the above conditions is 0.5 ±  0.1 
mg cm'2 h r 1. A slope of 0.560 mg cm'2 h r 1 Torr1 is obtained from the empirical linear 
fit. The increase is roughly linear up to /'-PrOH partial pressure of 5 Torr, where the
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Pure H2 0.0 1.7 ±  0.39 0.2 ± 0.05 0.5 ± 0.1 5 ± 2.0
021696 1.87 1.35 1.21 1.59 30.8
102595 1.94 0.71 1.78 1.31 55.7
072296 2.18 1.22 1.44 1.97 37.1
030196 2.28 0.68 1.58 2.25 53.8
022096 2.28 0.59 1.46 2.26 55.3
072496 2.66 0.69 2.47 2.36 64.2




































022296 3.59 0.38 2.13 2.97 73.5
073096 5.11 0.23 2.70 3.39 85.4
072596 5.53 0.33 2.65 2.68 80.4
1 - at reactor exit
H2 pressure = 40 Torr 
Deposition temperature = 300 °C
VO
On
growth rate reaches 3.3 mg cm'2 hr'1. Thus the deposition rate is at least 6 times higher 
in the presence of added /-PrOH. Above a pressure of 5 Torr the increase in deposition 
rate appears to level off. The maximum in the rate corresponds to complete conversion 
of reactant, due to a corresponding increase in the wall deposition (see below).
Additional information for these experiments is shown in Table 5.1. Column 
1 gives the experiment number. Columns 2, 3, and 4 give the /-PrOH, Cu(hfac)2, and 
H(hfac) partial pressure at the reactor exit. Column 5 gives the substrate deposition 
rate. Column 6 gives the conversion. It is important to see that as the deposition rate 
increases with /-PrOH partial pressure, so does the conversion. Hence, a correction 
factor is needed to account for the depletion of Cu(hfac)2 reactant to bring about the 
true enhancement in the deposition rate due to addition of /-PrOH. This correction is 
described in section 5.2. Thus, the enhancement in the deposition is likely to be higher 
than the 6x factor mentioned above.
Wall deposition. Table 5.2 gives the effect on wall deposition. Column 1 gives 
the experiment number. Column 2 gives the /-PrOH partial pressure. Column 3 gives 
wall deposition in mass units. Column 4 gives the measured wall deposition length. 
Column 5 gives the deposition rate based on mass deposition and area of deposition. 
Column 6 gives the conversion.
As was the case with deposition on the substrate, the addition of /-PrOH leads 
to a steady increase in the mass deposition on the glass wall of the reactor. In the 
absence of /-PrOH, wall deposition is about 8.5 mg h r 1. For an /-PrOH partial 
pressure of 5 Torr, the wall deposition is about 150 mg h r 1. Thus at /-PrOH partial 
pressure =  5 Torr the wall deposition is 17x higher.


































Pure H2 0.0 8.43 ±  4.62 4 ±  1.5 0.28 ± 0.13 5.0 ± 2.0
021696 1.87 62.8 12.0 0.77 30.8
102595 1.94 98.1 7.9 1.84 55.7
072296 2.18 66.5 9.0 1.09 37.1
030196 2.28 84.2 13.0 0.96 53.8
022096 2.28 71.5 12.5 0.85 55.3
072496 2.66 114.0 13.0 1.30 64.2




































022296 3.59 114.2 13.0 1.30 73.5
073096 5.11 164.9 13.0 1.88 85.4
072596 5.53 131.5 . 9.75 1.99 80.1
1 - at reactor exit
vO
VO
Though the mass deposition shows a linear dependence on /-PrOH pressure, the 
deposition length appears to be independent of /-PrOH pressure. In the absence of /- 
PrOH, deposition is observed only at the inlet in a region 4 cm long starting at a 
distance of 6 - 7 cm prior to the location of substrate (see Chapter 4.1). No deposition 
is seen at the center where the substrate is placed. With the addition of alcohol, 
deposition is observed over a distance of 11 cm. The deposition starts at a distance of 
6 - 7 cm prior to the location of substrate (same as above), and extends 4 - 5 cm past 
the substrate. Thus addition of alcohol gives deposition over a region that is 3x longer.
Conversion. Conversion increases linearly with addition of /-PrOH. In the 
absence of /-PrOH the conversion is 5%. At /-PrOH partial pressure =  3 Torr the 
conversion already equals 50% of the inlet Cu(hfac)2 delivery rate, with values in 
excess of 75 % found at /-PrOH pressure =  5 Torr. The increase in wall deposition is 
mainly responsible for the higher conversion of Cu(hfac)2 in these experiments.
In the light of the results in Chapter 4, we believe that the wall deposition is 
nucleation limited. The addition of /-PrOH appears to reduce the nucleation barrier for 
deposition on the wall possibly by assisting in the removal of adsorbed (hfac) ligands. 
The percentage increase in the wall deposition is significantly higher than the substrate 
deposition probably because nucleation obeys higher-order reaction kinetics.
5.1.2 Effect o f EtOH
In the light of higher deposition rates of copper obtained with addition of /- 
PrOH, a similar set of experiments was done with EtOH (and subsequently MeOH). 
The motivation behind these experiments is to compare the effect of different alcohols
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on deposition, with the aim of getting a mechanistic understanding of the role of 
alcohols in the reduction of Cu(hfac)2 to Cu metal.
For these experiments the apparatus and operating procedure remain unchanged. 
EtOH evaporation is carried out at a temperature of 0 °C. The partial pressure varies 
from 2.5 to 5 Torr at the reactor inlet. The Cu(hfac)2 evaporation is carried out at 90 
°C, and yields a partial pressure of 1.6 ±  0.1 Torr at the reactor inlet. The H2 
pressure is 40 Torr. The H2 flow rates through the /-PrOH and the Cu(hfac)2 
evaporators are 8 and 17 seem, respectively. Deposition temperature is 300 °C. 
Stainless steel substrates are used.
Substrate deposition. The effect of EtOH addition on substrate deposition is 
shown in Figure 5.2 (see also Table 5.3). The x axis gives EtOH partial pressure at 
reactor exit. The y axis gives substrate deposition. The open symbols give the 
experimental values. The solid line is a linear regression fit to the experimental data. 
It is included as a visual aid.
The results show that over the range of pressure studied, addition of EtOH leads 
to higher deposition rates. The slope of the linear fit to the data is 0.25 mg cm'2 h r 1 
Torr1. The standard deviation in the fit to the data is 0.497 mg cm'2 h r 1. The single 
experiment displaying the highest deposition rate has an error which exceeds the 
standard deviation. It also exceeds the error in the partial pressure of EtOH (arising 
due to weight measurement error), which is the only variable to which it can presently 
be correlated.
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Pure H2 0.0 1.7 ±  0.39 0.2 ±  0.05 0.5 ± 0.1 5.0 ± 2.0
091096 2.35 1.09 0.95 0.91 30.0
091696 3.10 1.24 0.60 2.18 19.0
090696 3.64 0.15 2.61 1.46 90.0
091896 4.95 0.18 2.35 1.42 86.0
1 - at reactor exit
H2 pressure = 40 Torr 
Deposition temperature = 300 °C
At a partial pressure of 5 Torr the extrapolated deposition rate is 1.75 mg cm'2 
hr'1. This is 4 fold higher than that in the absence of added alcohol. However, it is 
half of 3.3 mg cm'2 h r1 obtained with /'-PrOH at a partial pressure of 5 Torr.
Additional information for these experiments is given in Table 5.3. Column 1 
gives the experiment number. Columns 2, 3, and 4 give the EtOH, Cu(hfac)2, and 
H(hfac) partial pressure at reactor outlet. Column 5 gives the substrate deposition rate. 
Column 6 gives the conversion. It is seen that addition of EtOH gives higher 
deposition rates on the substrate, notwithstanding the increase in the conversion of the 
Cu(hfac)2 reactant.
Wall deposition. Table 5.4 gives the effect of EtOH on wall deposition. 
Column 1 gives the experiment number. Column 2 gives the EtOH partial pressure. 
Column 3 gives wall deposition in mass units. Column 4 gives the measured wall 
deposition length. Column 5 gives the deposition rate based on mass deposition and 
area of deposition. Column 6 gives the conversion.
As seen with /'-PrOH, addition of EtOH leads to increased mass deposition on 
the glass wall. The wall deposition rate at EtOH partial pressure of 5 Torr is 146 mg 
hr'1, which is about 17 times higher than that in the absence of alcohol. The value is 
comparable to that seen with /-PrOH. Also, the deposition length appears to be 
independent of EtOH pressure. The average deposition length is 10.1 ±  2.25 cm. The 
deposition starts at a distance of 6 - 7 cm prior to the location of substrate, and extends 
4 - 5 cm past the substrate. The deposition length and the deposition profile agrees 
closely with that seen with /'-PrOH.


































Pure H2 0.0 8.4 ±  4.6 4 ±  1.5 0.28 ±  0.13 5.0 ± 2.0
091096 2.35 53 10 0.78 30.0
091696 3.10 28 11.5 0.36 19.0
090696 3.64 162 12 1.99 90.0
091896 4.95 146 7 3.08 86.0
1 - at reactor exit
In conclusion, the addition of EtOH gives substrate deposition rates that are half 
that obtained with /-PrOH. However, the deposition on the glass surface is comparable 
to that seen with /-PrOH.
5.1.3 Effect of MeOH
The study of MeOH on Cu(hfac)2 reduction completes the sequence of alcohol- 
assisted CVD experiments. For these experiments the apparatus and operating 
procedure remain unchanged. MeOH evaporation is carried out at 0 °C. This yields 
a range of partial pressure from 7 - 1 2  Torr at the reactor inlet. The Cu(hfac)2 
evaporation is carried out at 90 °C. This yields a partial pressure of 1.1 ±  0.3 Torr 
at the reactor inlet. The lower Cu(hfac)2 pressure for these experiments is an 
experimental adjustment. Addition of MeOH results in a large increase (>  10 Torr) 
in the system pressure. To keep the increase in the pressure in check, the needle valve 
is manually adjusted. Thus, although the mole fractions of the individual components 
is unaffected, the adjusted pressure leads to a lower partial pressure of each. The H2 
pressure is 30 Torr. It is slightly lower as compared to the previous experiments for 
the reason stated above. H2 flow rate through the /-PrOH and the Cu(hfac)2 evaporators 
is 8 and 17 seem, respectively. Deposition temperature is 300 °C. Stainless steel 
substrates are used.
Substrate deposition. The effect of MeOH addition on substrate deposition is 
shown in Figure 5.3 (also Table 5.5). The x axis gives MeOH partial pressure at the 
reactor exit. The y-axis gives substrate deposition. The open symbols give the 
experimental values. The solid line is a linear regression fit to the experimental data. 
It is included as a visual aid.
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Pure H2 0.0 1.7 ±  0.39 0.2 ±  0.05 0.5 ±  0.1 5.0 ± 2.0
100196 7.51 0.288 1.88 1.38 76
100396 7.62 0.297 0.778 2.12 57
092696 10.89 0.169 1.95 1.54 85
092496 11.25 0.175 2.07 1.64 86
1 - reactor exit
H2 pressure = 30 Torr 
Deposition temperature = 300 °C
o
00
The results show that over the range of pressure studied, addition of MeOH 
leads to higher deposition rates. The slope of the linear fit to the data is 0.12 mg cm'2 
hr'1 T orr1. The standard deviation in the data with respect to the fit is 0.452 mg cm'2 
hr'1. The scatter in the data cannot be attributed to measurement error in the partial 
pressure of MeOH, which is the only variable to which it can presently be correlated.
At a partial pressure of 5 Torr the extrapolated deposition rate is 1.1 mg cm'2 
h r1. This is 2 fold higher than that in the absence of added alcohol. It is also 40%
lower than that obtained with addition of EtOH, and 70% lower than /-PrOH.
Additional information for these experiments is shown in Table 5.5. Column 
1 gives the experiment number. Columns 2, 3, and 4 give the MeOH, Cu(hfac)2, and 
H(hfac) partial pressure at reactor outlet. Column 5 gives the substrate deposition rate. 
Column 6 gives the conversion. It is seen that addition of MeOH gives higher 
deposition rates on the substrate with a corresponding increase in the conversion of the 
Cu(hfac)2 reactant.
Wall deposition. Table 5.6 gives the effect on wall deposition. Column 1 gives 
the experiment number. Column 2 gives the MeOH partial pressure. Column 3 gives 
wall deposition in mass units. Column 4 gives the measured wall deposition length. 
Column 5 gives the deposition rate based on mass deposition and area of deposition. 
Column 6 gives the conversion.
As seen with /-PrOH and EtOH, addition of MeOH leads to increased mass 
deposition on the glass wall, as well as an increase in the length over which deposition 
occurs. The wall deposition is 120 mg h r1, which is about 15 times higher than that 
in the absence of alcohol. The value is comparable to that seen with /-PrOH and



































Pure H2 0.0 8.4 ±  4.6 4 ±  1.5 0.28 ± 0.13 5.0 ± 2.0
100196 7.51 125.4 10 1.85 76
100396 7.62 45.1 4.5 1.48 57
092696 10.89 152.7 11.5 1.83 85
092496 11.25 142.8 9.5 2.38 86
1 - reactor exit
o
EtOH. The deposition length appears to be independent of MeOH pressure. The 
average deposition length is 8.9 ± 3 . 0  cm. The deposition starts at a distance of 6 - 
7 cm prior to the location of substrate, and extends 4 - 5  cm past the substrate. The 
deposition length and the deposition profile agree closely with that seen with /-PrOH 
and EtOH.
Conclusion. The effectiveness of the alcohols for deposition on the stainless 
steel substrate is shown in Figure 5.4. The x axis gives the alcohol partial pressure. 
The y axis gives the substrate deposition rate. The open symbols represent the 
experimental data. The lines represent empirical linear fits to the data. Based on the 
slopes, the relative effectiveness decreases in the order:
/-PrOH (1.00) >  EtOH (0.45) >  MeOH (0.21)
However, the enhancement in the wall deposition is comparable for the three 
alcohols studied. The percentage increase in the wall deposition is significantly higher 
than that in the substrate deposition.
5.1.4 Effect of N2 carrier gas
The effect of N2 carrier gas on /-PrOH assisted CVD experiments is studied by 
replacing H2 as the carrier gas with N2. In the earlier experiments both H2 and /-PrOH 
acted as active reducing agents to convert Cu(hfac)2 to Cu. By replacing H2 with N2, 
the contribution of /-PrOH can be assessed.
For these experiments the apparatus and operating procedure remain unchanged. 
/-PrOH evaporation is carried out over a temperature range of 0 - 23 °C. This yields
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Figure 5.4 Comparison of alcohol-assisted rate enhancements
N)
a variation in the alcohol partial pressure from 1.5 to 25.0 torr at the reactor inlet. The 
Cu(hfac)2 evaporation is carried out at 90 °C. This yields a partial pressure of 1.3 ±
0.5 Torr at the reactor inlet. The N2 pressure is 40 Torr. The N2 flow rate through 
the /-PrOH and the Cu(hfac)2 evaporator is 8 and 17 seem, respectively. Deposition 
temperature is 300 °C. Stainless steel substrates are used.
Substrate deposition. The effect of using N, as a carrier gas is shown in Table 
5.7. Column 1 gives the experiment number. Columns 2 and 3 give the /-PrOH and 
Cu(hfac)2 partial pressure at the reactor exit. Column 4 gives the substrate deposition 
rate. Column 5 gives the conversion of Cu(hfac)2.
With addition of small amounts of /-PrOH (i.e., partial pressures less than 5 
Torr), there is an increase in the deposition rate above that seen using pure H2 (ca. 0.5 
mg cm'2 h r1). However, the deposition rate remains lower than that using H2 as the 
carrier gas at a comparable partial pressure of /-PrOH. Additionally, the resulting films 
are dark grey/black, suggesting significant incorporation of (hfac) ligand decomposition 
products.
For /-PrOH partial pressures above 10 Torr the films return to a red-brown 
color indicating that metallic copper is being deposited. Additionally, the growth rate 
using N2 carrier gas approaches values observed using H2 as the carrier gas. For 
example, at a partial pressure of 13 Torr the deposition rate is 2.7 mg cm*2 hr'1 at a 
conversion of Cu(hfac)2 =  80%. For H2 carrier gas the maximum deposition rate 
observed is around 3.3 mg cm'2 hr'1 at /-PrOH pressure = 5 Torr. This suggests that 
growth rate is becoming limited by reactant conversion, similar to that seen in the































031296 1.46 0.611 0.600 37.6
030596 1.73 1.60 0.56 11.6
030896 1.77 1.31 1.5 26.6
032596 12.8 0.159 2.7 83.1
032796 24.8 0.0601 2.5 91.0
1 - at reactor exit
N2 pressure = 40 Torr 
Deposition temperature = 300 °C
presence of H2 carrier gas. This is verified by the fact that increasing the partial 
pressure of /-PrOH to 25 Torr does not result in a further increase in the 
deposition rate.
Wall deposition. Table 5.8 gives the effect on wall deposition. Column 1 gives 
the experiment number. Column 2 gives the /-PrOH partial pressure. Column 3 gives 
wall deposition in mass units. Column 4 gives the measured wall deposition length. 
Column 5 gives the conversion.
The mass deposition on the glass wall increases with addition of /-PrOH. 
However, similar to the substrate deposition, the wall deposit has a dark grey color at 
partial pressure of /-PrOH less than 10 Torr. Additionally, the magnitude of the wall 
deposition is lower than that seen with H2 carrier gas. Above 10 Torr /-PrOH pressure 
the deposit returns to a red-brown color. At /-PrOH pressure of 25 Torr the value of 
the mass deposition is 135 mg hr'1 and is comparable to that seen with H2 carrier gas.
The deposition length on the wall shows a similar trend. The deposition 
increases with /-PrOH pressure. At /-PrOH partial pressure >  10 Torr the deposition 
length equals 11 cm and is comparable to that seen with H2 carrier gas.
Discussion. In the absence of H2 carrier gas, /-PrOH is not as effective a 
reducing agent at partial pressures below 10 Torr. This is evident from the poor 
quality of Cu deposited on the substrate with N2 as the carrier gas. Thus H2 gas plays 
an important role as the active reducing agent, whereas the contribution of /-PrOH is 
limited.
At partial pressure >  10 Torr, /-PrOH becomes the dominant reducing agent. 
Thus we see that /-PrOH can act as the sole agent for reduction, provided the partial































031296 1.46 37.5 7.5 37.6
030596 1.73 20.7 5.5 11.6
030896 1.77 47.3 7.5 26.6
032596 12.79 99.6 12.0 83.1
032796 24.78 135.7 10.5 91.0
1 - at reactor exit
pressure is sufficiently high. This is evident from the comparable deposition rates 
obtained with N2 and H2 and the return of the film quality.
5.2 Modeling of kinetic results
In this section a kinetic rate expression is developed to account for the 
dependence of the substrate deposition rate on H2 and alcohol pressure. First, for a 
kinetic analysis it is necessary to know the reactant and product partial pressures at the 
substrate. To take into account the large conversions in the experiments, a correction 
is proposed to be able to estimate the reactant and product partial pressures at the 
substrate. This is followed by an extension of the Langmuir-Hinshelwood rate 
expression developed in Chapter 4 to address the additive effect of alcohol in the 
deposition reaction. This is followed by a nonlinear regression analysis of the 
individual sets of alcohol experimental data to obtain the surface rate constants for the 
contribution of alcohol in the rate expression. The fit of the data using the rate 
expression is demonstrated. Finally, based on the LH rate expression and the observed 
rate constants a qualitative mechanism of the role of alcohols in the deposition reaction 
is presented.
Correction of conversion effects. The typical value of Cu(hfac)2 conversion in 
the base case H2 reduction CVD experiments is 5% (see Chapter 4.1). In these 
experiments the wall deposition is limited to a zone above the location of the substrate. 
The low conversion allows the concentration of the reactants and products at the 
substrate to be defined in terms of the exit concentration which incorporates the 
conversion due to wall deposition.
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At similar operating conditions of reactant pressure and temperature the addition 
of alcohol results in a typical value of Cu(hfac)2 conversion of 60 ±  20%. As a 
significantly large portion (30 - 40%) of the wall deposition occurs beyond the 
substrate, the use of the exit partial pressures to approximate that at the substrate would 
lead to reactant concentrations that are much lower than the actual value.
In the absence of a reactor transport model, a simple correction is proposed. 
Since the wall deposition accounts for a major component of the conversion, the 
fraction of the total wall deposition from the reactor inlet to the substrate is calculated 
based on the deposition length. This fraction and the total conversion is used to 
calculate a local conversion. For example, if the total conversion is 80% and the wall 
distribution extends for 5 cm on either side of the substrate, the local conversion at the 
substrate would be 5/10 x 80 =  40%. In the alcohol addition experiments the local 
conversion is lower than the total conversion by 30 - 50%, depending on the extent of 
the wall deposition past the substrate.
The local conversion combined with the known inlet partial pressures is then 
used to determine partial pressures of Cu(hfac)2, H2, H(hfac), and alcohol at the 
substrate position. These partial pressures are termed as local partial pressures, and 
have been used for the rate expression analysis that follows. The correction applied to 
the conversion has a much larger effect on the Cu(hfac)2 and H(hfac) partial pressures 
at the substrate as compared to the alcohol and H2 partial pressures.
Langmuir-Hinshelwood rate expression. From Figure 5.4, the quasi first-order 
dependence observed for the alcohol-assisted deposition rates suggests that it may be 
possible to develop a rate expression using a simple modification of the rate expression
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for unassisted H2 reduction. The Langmuir-Hinshelwood rate expression for the H: 
reduction process is described in Chapter 4, and is reproduced here for convenience:
^H2 Pcu(hfac)2 CPhz) ^
Tju [5.1]
[  1 +  K ^ u(hf3c)2 Pcu(hfac)2 +  (K u z )172 ( P j e ) 172 +  K H(hfac)PH(hfac) ] 3
where k ^  — k! KCu(hfac)2 (K ^)172
The numerator in the above equation is consistent with a mechanism in which the rate 
limiting step is the reaction between an adsorbed H atom and the first dissociated (hfac) 
ligand from an adsorbed Cu(hfac)2 molecule (i.e., resulting in H(hfac) desorption). The 
denominator represents the surface coverage effects of the various competitively 
adsorbed reactants and products.
For the alcohol-assisted reaction, it is proposed that the rate limiting step is H" 
transfer between the OH group of the adsorbed alcohol, and the first dissociated (hfac) 
ligand of the adsorbed Cu(hfac)2 molecule. With this change, the rate expression for 
the alcohol-assisted reaction becomes:
^ROH Pcu(hfac)2 ( P rOh)
rROH =    [5.2]
[  1 +  K c u(hfae)2 PCu(hfac)2 +  ( K h2 ) I/2 ( P h2 ) 1/2 +  K H(hfac)PH(hfac) ] 3
In the above equation the factor of (Pm)172 in the numerator of equation 5.1 that 
represents dissociatively adsorbed H atoms, has been replaced with a first-order factor
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
of PR0H that represents molecularly adsorbed alcohol in equation 5.2. This represents 
the primary effect of the alcohol in the rate equation. An alcohol adsorption term has 
not been included in the denominator of equation 5.2 because it is a secondary effect. 
Also, unlike the H2 adsorption coefficient used in the H2 reduction mechanism, a 
suitable value for the coefficient does not appear in the literature.
Nonlinear regression analysis. The net rate of deposition can be contributed 
to two individual rates: namely that due to H2 reduction (r^,, equation 5.1), and an 
additive component due to alcohol (rR0H, equation 5.2). For each set of alcohol-assisted 
CVD data, using the local partial pressures, r ^  is first calculated using the parameters 
established in Chapter 4. This is demonstrated by the dotted lower curve in Figure 5.5 
for /-PrOH-assisted CVD data at local conditions. The H2 contribution is then 
subtracted from the total deposition rate to yield the /-PrOH contribution to the total 
rate (ri.PtOH). Next, using equation 5.2 and the calculated alcohol contributions, the 
optimized value of the rate constant for the surface reaction of /-PrOH is determined 
by applying nonlinear regression. The surface rate constant k ^ n  is treated as the only 
undetermined parameter in equation 5.2; the other parameters are the same as in 
equation 5.1. This yields ki.PrOH =  2.78 mg cm*2 h r 1 Torr2. The sum of the 
contributions from H2 reduction and z-PrOH assisted growth is shown as the solid top 
curve in Figure 5.5. The standard deviation in the data with respect to the optimized 
fit is 0.283 mg cm2 h r 1.
The optimized values of the surface rate constants for the other two alcohols are 
kaoH =  1-38 mg cm'2 h r1 Torr2, and kMcOH =  0.997 mg cm*2 h r1 Torr2. With the
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Figure 5.5 Comparison o f observed and calculated rates for /-PrOH-assisted CVD
I—*to
above rate constants the standard deviations in the data with respect to the optimized 
fits are 0.295 and 0.554 mg cm2 hr'1 for EtOH and MeOH, respectively.
Sensitivity analysis. A sensitivity analysis is performed to gauge the uncertainty 
in the surface rate constants mentioned above. The uncertainty is obtained from the 
average change in the rate constant needed to change the predicted deposition rate by 
an amount equal to the standard deviation with respect to the optimized fit. For 
example, the /-PrOH rate constant k j. P l0 H =  2.78 mg cm'2 hr'1 Torr'2, has to be changed 
to 3.20 and 2.38 respectively to change the value of the deposition rate at a median data 
point by an amount equal to ±  0.283 mg cm2 hr'1 (see below). This results in an 
uncertainty of ±  0.40 mg cm"2 hr'1 Torr'2. Thus, the optimized rate constant for i- 
PrOH is ki.proH =  2.78 ±  0.40 mg cm'2 hr'1 Torr2. Similarly, the optimized values 
for MeOH and EtOH are k ^ n  =  1.384 ±  0.410 mg cm'2 h r 1 Torr2 and kMe0H =  0.997 
±  0.465 mg cm'2 hr'1 Torr'2, respectively.
Discussion. The relative enhancements for the optimized and the empirical fit 
(Figure 5.4) are as shown below:
optimized fit:/-PrOH (1.0) > EtOH (0.5) >  MeOH (0.36)
empirical fit: i-PrOH (1.0) >  EtOH (0.45) >  MeOH (0.21)
The standard deviations (units of mg cm'2 h r 1) in the data with respect to the individual 
fit are as shown below:
optimized fit: i-PrOH (0.283) EtOH (0.295) MeOH (0.554)
empirical fit: i-PrOH (0.451) EtOH (0.497) MeOH (0.452)
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Figure 5.6 Comparison of observed and calculated rates for alcohol-assisted CVD
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Thus the rate analysis based on the proposed conversion correction leads to a 
reduction of almost 40% in the uncertainty for /-PrOH and EtOH assisted CVD data. 
The rate analysis does not improve the fit to the MeOH data.
The optimized fit of the data is further demonstrated in Figure 5.6. Figure 5.6 
shows a scatter plot of the measured vs. calculated growth rates for all the experiments
shown in Figure 5.4. The closeness of the points to the diagonal demonstrates the fit.
5.3 Reaction mechanism
Based on the LH rate expression and the surface rate constants obtained, a 
qualitative mechanism is proposed to explain the experimental results. As shown by 
the resulting optimized rate constants, the relative effectiveness of the alcohols 
decreases in the order:
/-PrOH (1.00) >  EtOH(0.50) >  MeOH(0.36)
The ordering correlates well with the aqueous p it, values of the alcohols:
/-PrOH (17.1) >  EtOH(15.8) >  MeOH(15.3)
i.e., there is a larger difference in going from /-PrOH to EtOH than there is from EtOH 
to MeOH. Decreasing pIC, values are indicative of decreasing electron density on the 
alcohol oxygen atom, and increasing ability to donate H+. The ability to donate H+ 
should result in MeOH to be the more dominant reducing agent among the three 
alcohols studied, contrary to the experimental results.
Two possible explanations for the observed sequence of enhancement factors can 
be suggested. First, the decrease in electron density on the oxygen atom may lead to 
a lower adsorption coefficient for the alcohol molecule on the growing Cu surface. If 
this is the case, the lower kinetic enhancement factor reflects a decrease in the surface
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concentration of adsorbed alcohol molecules. Alternately, the increase in H" acidity 
may lead to increased dissociation of the alcohol OH group when it adsorbs. If this is 
the case, then the lower enhancement factor reflects a decrease in the fraction of 
adsorbed alcohol that is available in the molecular state.
The proposed rate limiting step (i.e., H+ transfer from adsorbed alcohol 
molecules to the dissociated (hfac) ligands) produces an adsorbed alkoxy group, which 
can be removed from the surface either by recombination with adsorbed H atoms, or 
by dehydrogenation to desorb as the corresponding aldehyde. It is difficult to develop 
any quantitative conclusions about this step in the alcohol-assisted deposition mechanism 
because it comes after the rate determining step.
At present we believe that recombination with adsorbed H atoms is the dominant 
pathway when H2 is used as the carrier gas. In this case the alcohol functions 
essentially as a catalytic agent, and is not consumed stoichiometrically during the 
reaction. In contrast the dehydrogenation pathway becomes important when N2 is used 
as the carrier gas. In this case the alcohol may be consumed stoichiometrically (i.e., 
one molecule can ultimately supply the two H atoms that are formally required for 
Cu(hfac)2 reduction). The conclusion that recombination with H atoms is the faster 
pathway is based on the observation that the growth rates are faster in H2 than N2 at 
low P i-pjoh- The poor quality of the deposited films also support this conclusion. This 
suggests that the dehydrogenation pathway is not fast enough to cleanly remove the 
majority of the adsorbed (hfac) ligands before they decompose to produce 
impurity species.
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5.4 Conclusions
In summary we see can draw the following conclusions about alcohol assisted 
Cu(hfac)2 CVD:
1. The relative effectiveness of the alcohols for deposition on the stainless steel 
substrate decreases in the order:
/-PrOH(l.O) >  EtOH (0.5) > MeOH (0.36)
2. The percentage increase in the wall deposition is significantly higher than the 
substrate deposition. The enhancement in the wall deposition is comparable for the 
three alcohols studied.
3. H2 and alcohols play an additive role in the reduction of Cu(hfac)2. H2 plays 
a dominant role at /-PrOH partial pressure <  10 Torr. i-PrOH becomes the dominant 
reducing agent at partial pressure >  10 Torr.
4. An extension of the Langmuir-Hinshelwood rate expression developed for 
H2 reduction can be successfully extended to account for the alcohol-assisted CVD. 
The net rate of deposition can be contributed to two individual rates: namely that due 
to H2 reduction and an additive component due to alcohol.
5. The rate limiting step in alcohol-assisted CVD of Cu(hfac)2 is believed to be 
the H+ transfer between the OH group of the adsorbed alcohol and the first dissociated 
(hfac) ligand of the adsorbed Cu(hfac)2 molecule.
6. The ordering in the enhancement of the deposition rate using the alcohols 
correlates well with the aqueous pfC, values of the alcohols.
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CHAPTER 6 
WARM-WALL PEDESTAL REACTOR
This chapter presents the results of solution-delivered Cu CVD experiments done 
in the warm-wall Pedestal reactor. This reactor system introduces three major changes 
from the TGA apparatus namely, the use of a Pedestal reactor, a solution injection 
system, and deposition on a TiN coated Si substrate (TiN/Si). Section 6.1 presents the 
testing of these changes to achieve consistent and measurable deposition rates of Cu. 
Section 6.2 presents the development of an operating procedure for conducting CVD 
experiments on the TiN/Si substrates in the Pedestal reactor. The issues addressed 
include deposition time sequence, substrate etching, precursor dehydration, and H2 pre- 
treatment time. Section 6.3 presents the conclusions of this chapter.
6.1 Testing of new apparatus
The Pedestal reactor system introduced three major changes to the TGA 
deposition apparatus. First the warm-wall Pedestal reactor replaced the TGA reactor. 
Section 6.1.1 describes the preliminary experiments to verify the performance of the 
Pedestal reactor for H2 reduction of Cu(hfac)2. The results are compared with the H2 
reduction experiments in the TGA reactor (see Chapter 4). Following this, the solution 
injection system (liquid phase precursor transport) replaced the stainless steel evaporator 
(solid precursor evaporation). Section 6.1.2 describes the results of z-PrOH-assisted 
CVD using the solution injection system. The results are compared with the co-reactant 
z'-PrOH-assisted data from the TGA reactor (see Chapter 5). Lastly, TiN/Si replaced 
stainless steel as the deposition surface. Section 6.1.3 demonstrates the deposition of 
Cu on TiN/Si substrates using the Pedestal reactor and the solution injection system.
127
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6.1.1 Pedestal reactor
The Pedestal reactor is a warm-wall reactor with an impinging flow 
configuration (for details see Chapter 3.3). The critical component in the design of the 
Pedestal reactor is the substrate heating arrangement. The cartridge heater located in 
the base of the pedestal assures that the substrate is hotter than the reactor wall. This 
limits the reaction to the exposed side of the substrate surface. This opens the 
possibility of achieving enhanced deposition rates on the substrate with negligible 
deposition on the reactor wall and hence low reactant conversion. This is difficult in 
the TGA reactor because the reactor wall is heated to the same temperature as the 
substrate, and is especially true for the alcohol-assisted CVD experiments because of 
their high growth rates. Additionally, the Pedestal reactor geometry is similar to that 
of industrial single wafer CVD reactors, making the shift important from a commercial 
viewpoint.
The performance of the Pedestal reactor is verified by reduction of Cu(hfac)2 in 
pure H2 at operating conditions comparable to the TGA base case experiments. In these 
experiments Cu(hfac)2 is evaporated from a heated glass evaporator in a stream of H, 
gas. The evaporator temperature is maintained at 100 °C. This gives a partial pressure 
of Cu(hfac)2 =  1.1 ±  0.2 Torr at the reactor inlet. The H2 pressure is 40 Torr. The 
H2 flow rate is 38 seem. The deposition temperature is 300 °C. Stainless steel 
substrates are used. Additional operating conditions are shown in Table 6.1.
The results of the experiments are given in Table 6.2. Column 1 gives the 
experiment number. Columns 2 and 3 give the Cu(hfac)2 evaporation rate and trap 
collection rate. Column 4 gives the Cu(hfac)2 partial pressure at exit conditions.
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Table 6.1 Operating conditions for H2 reduction of Cu(hfac)2
Operating parameter/Results Value
Substrate Stainless steel,
diameter = 1 . 7  cm, thickness =  0.15 mm
Deposition time 60 min
Substrate temperature 300 °C
Evaporator temperature 100 °C
Cu(hfac)2 partial pressure at inlet 1.1 ±  0.23 Torr
Hydrogen pressure 40 Torr
Volumetric flow rate 38 seem




































0.0240 ±  0.0025 0.0223 ±  0.0022 1.7 ±  0.4 0.49 ± 0.074 5.0 ± 1.6
011596 0.0220 0.022 1.00 0.573 5
012296 0.0276 0.020 1.28 0.418 3
012596 0.0177 0.014 0.82 0.374 4
0.022 ± 0.0049 0.018 ±  0.0042 1.1 ±  0.23 0.455 ± 0.104 4 ± 1
1 - reactor exit
H2 pressure = 40 Torr 
Deposition temperature = 300 °C 
Deposition time = 1 hr
O
Column 5 gives the substrate deposition rate. Column 6 gives the conversion. The 
average values are given in the last row. Values of base case experiments in the TGA 
reactor are given for comparison.
Substrate deposition rate. The average deposition rate is 0.455 ±  0.104 mg 
cm'2 hr'1. The standard deviation is roughly 23% of the average, and reflects a 
variation of ±  20% in the precursor transport rate. The Langmuir-Hinshelwood rate 
expression developed in Chapter 4 for pure H2 reduction of Cu(hfac)2 predicts a 
deposition rate of 0.450 mg cm'2 hr'1 for the operating conditions in these experiments. 
Thus the experimental deposition rates are consistent with our rate model.
The deposition rate is also consistent with the reported base case deposition rate 
of 0.49 ±  0.07 mg cm'2 hr'1 in the TGA reactor at a higher Cu(hfac)2 partial pressure 
of 1.8 Torr. Thus we see that the deposition rate in the Pedestal reactor conforms with 
the earlier results obtained in the -hot-wall TGA reactor.
Conversion. The conversion is calculated by comparing the mass deposition 
of Cu due to reaction to that coming as Cu(hfac)2 in the feed. The conversion includes 
the estimated value of deposition on the pedestal side-wall. As the pedestal has 
electrical and thermocouple connections attached to it, quantifying the extent of the 
side-wall deposition on a balance is not feasible for each experiment. Instead, an 
estimate of the deposition is obtained by measuring the area of the pedestal wall over 
which deposition occurs, and assuming that the deposition rate per unit area on the 
pedestal is the same as that on the substrate.
Based on the above assumption, the average conversion for these experiments 
is 3.7 ±  0.95%. The value indicates that the reaction follows differential conversion,
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and further validates the comparison of rates shown above. However, for these 
experiments the area on the pedestal over which deposition occurs is close to 12 cm-. 
This value is roughly 6 times the substrate deposition area, resulting in a 6-fold higher 
Cu mass deposition on the pedestal side-wall. Thus the pedestal side-wall deposition 
accounts for the majority of the conversion. In order to reduce the pedestal side-wall 
deposition, it is necessary to modify the design of the reactor. A recommendation has 
been suggested in Chapter 7.
6.1.2 Solution injection
This section describes the results of Cu CVD by introducing a liquid solution 
of the Cu(hfac)2 precursor in z'-PrOH. The addition of the solution injection system for 
precursor delivery marks an important transition to liquid phase precursor transport for 
CVD. The ability of the solution injection system to deliver steady transport rates of 
pure z'-PrOH has been demonstrated earlier (see Chapter 3.3). Thus in combination 
with the Pedestal reactor the solution injection system allows the study of alcohol- 
assisted CVD to achieve enhanced deposition rates.
To be able to successfully integrate the solution injection system into the present 
apparatus, issues of capillary dimensions, precursor concentration, and solution 
preparation need to be addressed. These were established after extensive preliminary 
experimentation and are described below:
Capillary dimensions. The design of the injection system (i.e., length of the 
fittings and reservoir dimensions) places a minimum limit of 15 cm on the length of the 
capillary that can be used. Integration into the existing apparatus places a maximum
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limit of 18 cm. The diameter of 0.1 mm is one of the largest available for inert fused 
silica capillary tubing supplied by Alltech, Inc.
Solution preparation. The solution is prepared by dissolving a measured amount 
of Cu(hfac)2-nH20  precursor into the requisite amount of pre-filtered z-PrOH. A batch 
of 10 ml of solution is prepared. This solution is filtered through a 2 /zm PEEK filter 
from Alltech Associates, Inc. The filtered solution is then introduced into the glass 
reservoir of the injection system. The solution is kept under a He blanket and is used 
for 3 - 4 experiments.
Solution concentration. The concentration of the precursor in the solution is 
limited by the solid solubility limit of Cu(hfac)2 in z-PrOH at room temperature. The 
maximum solubility of Cu(hfac)2 in z-PrOH is roughly 0.8 g of Cu(hfac)2 ml'1 of 
solution. However, at these loadings, the viscosity of the solution is much higher than 
pure z-PrOH, leading to instability of transport through the capillary. Instead of a 
continuous column of solution rising through the capillary, trains of unevenly spaced 
bubbles are seen. However, stable transport rates are observed at solution 
concentration of 0.5 g ml'1 and lower.
Current experiments. The performance of the solution injection system is 
evaluated using a solution concentration of 0.4 g ml'1. The capillary tubing has an 
inner diameter = 0.1 mm and length =  18 cm. The H2 pressure is 40 Torr. The H2 
flow rate is 38 seem. The deposition temperature is 300 °C. Other operating 
conditions are given in Table 6.3.
Solution transport. The results of the solution transport are given in column 2 
of Table 6.4. At a solution concentration of 0.4 g ml'1 the average solution transport
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Table 6.3 Operating conditions for solution-delivered CVD
Operating parameter/Results Value
Substrate Stainless steel,
diameter =  1.7 cm, thickness =  0.15 mm
Deposition time 60 min




Solution transport rate 0.037 ±  0.0015 ml min'1
Cu(hfac)2 partial pressure at inlet 0.780 ±  0.045 Torr
z'-PrOH partial pressure at inlet 9.72 ±  0.56 Torr
Hydrogen pressure 40 Torr
Volumetric flow rate 38 seem


































H2 reduction1 0.0 1.10 ± 0.23 0 0.455 ± 0.104 4 ± 1
093096 0.038 0.57 9.6 2.21 26
100296 0.039 0.66 10.3 1.62 20
100496 0.036 0.58 9.2 1.75 22
0.037 ±  0.0015 0.60 ±  0.049 9.7 ±  0.56 1.86 ±  0.31 23 ± 3
1 - H2 reduction experiments using heated glass evaporator for precursor transport
2 - Exit conditions
Solution concentration = 0.4 g/ml 
H2 pressure = 40 Torr 
Deposition temperature = 300 °C 
Deposition time = 1 hr
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rate is 0.037 ±  0.0015 ml/min. This shows that the solution transport using the liquid 
delivery apparatus is stable. This results in average Cu(hfac)2 and /-PrOH partial 
pressure at the reactor inlet to be 0.80 and 10 Torr, respectively.
Thus we see that the solution injection system works well for transport of dilute 
solutions of precursor. It may be possible to transport concentrated solutions of the 
precursor through the capillary by pressurizing the reservoir. This is not feasible with 
the glass reservoir in the current apparatus. A recommendation to alleviate this 
situation is suggested in Chapter 7.
Kinetic results. The results of the experiments are given in Table 6.4. Column 
1 gives the experiment number. Column 3 gives the partial pressure of Cu(hfac)2 at the 
reactor exit. The exit partial pressure is calculated based on the inlet partial pressure 
and the total conversion. The inlet partial pressure is calculated from the product of 
the mole fraction of the component entering the flow system by solution transport and 
the total system pressure. The basis of calculating the reactant conversion has been 
described earlier in section 6.1.1. Column 4 gives the partial pressure of /-PrOH 
calculated at the reactor exit. As the inlet concentration of i-PrOH is high, its 
consumption is taken to be negligible.
The substrate deposition rate at the calculated partial pressures is given in 
column 5 of Table 6.4. Column 6 gives the conversion. The results of the deposition 
experiments using pure H2 and the heated glass evaporator (see previous section) are 
given for comparison.
Substrate deposition rate. The deposition rate at the average exit conditions of 
Pcu(hfac)2 =  0 - 6 0  Torr and P ^ h  =  9.7 Torr is 1.86 ±  0.31 mg cm'2 hr'1. The exit
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partial pressures are based on an estimated value of conversion =  23% (see below). 
The deposition rate is about 4 times higher than the value of 0.45 mg cm'2 hr'1 obtained 
in the pure H2 reduction experiments reported in the previous section. However, those 
experiments were done using a higher PCu<wac)2 =  1-1 Torr at an estimated differential 
conversion of 4%. The current experimental conditions involve a high conversion of 
the precursor (and hence a high concentration of H(hfac)). Using the Langmuir- 
Hinshelwood rate expression to account for the consumption of the reactant and also the 
formation of product H(hfac), the calculated value of the H2 contribution to the 
deposition rate is 0.352 mg cm'2 hr'1. Thus the addition of i-PrOH  leads to deposition 
rates that are 5 l/2x higher.
However, extrapolating the LH rate equation developed in Chapter 5 (equation
5.2, with kj.prtjH = 2.78 mg cm'2 h r1 Torr'2) to the present conditions of PCu(hfac)2 =  0.60 
Torr, Pi-PrOH =  9.7 Torr, and conversion = 22.5% yields an i-PrOH contribution of 
6.42 mg cm'2 hr'1 to the deposition rate. Thus the total deposition predicted by the LH 
model is 0.352 +  6.42 =  6.77 mg cm'2 hr'1. This value is much larger than the 
experimental value of 1.86 ±  0.31 mg cm'2 h r1.
Three reasons can be suggested for the above discrepancy between the model 
and the current experimental results. First, the alcohol-assisted CVD experiments used 
to develop the model were conducted over a finite range of Pi.pr0H =  0 - 5  Torr. Over 
this range of pressure a linear relationship is observed between the deposition rate and 
the alcohol pressure. It is possible that extrapolating the kinetics to the current values 
of Pj.ptoH which are almost 100% higher may be misleading. Further kinetic 
experiments are needed to resolve this issue.
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Secondly, the exit partial pressure is based on the estimated value of the 
conversion. A 50% lower estimate of the true conversion will lead to 100 % (2x) 
lower values of the product H(hfac). The presence of H(hfac) has been shown to 
inhibit the deposition strongly (see Chapter 4). A lower value of PH<hfac) will therefore 
lead to significantly higher values of deposition rate predicted by the model.
Lastly, in section 6.2.3 we show that a small amount of water associated with 
the precursor has a strong negative effect on the alcohol-assisted deposition rate. The 
precursor used in the current experiments is hydrated. With a dehydrated precursor it 
is possible that higher deposition rates can be achieved. A higher experimental 
deposition rate will lead to higher conversion of the reactant. This will in turn lead to 
lower values of the predicted deposition rate as the precursor concentration is lower, 
and the product concentration is higher. This would cut down the discrepancy between 
the experimental results and model predictions.
Conversion. The average conversion is 23 ±  3.1% and is based on the 
assumption that deposition on the pedestal side-wall is uniform, and that the deposition 
rate is the same as that on the substrate. Though this is a significant improvement from 
the conversion values of 60 - 80 % seen in the TGA reactor, the value of the 
conversion exceeds an acceptable limit for differential conversion. This limits the 
kinetic studies of /-PrOH assisted Cu CVD in the Pedestal reactor.
6.1.3 TiN/Si substrate
This section describes the results of solution delivered Cu CVD on TiN/Si 
substrates. Metallization of Cu needs to be successfully demonstrated on a barrier layer 
like TiN which prevents diffusion of the interconnect metal into the underlying Si. In
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recent years addressing the issue of deposition of Cu on the TiN surface has become 
important. Jun [1996] showed that the deposition rate, morphology, and electrical 
properties of Cu films were strongly dependent on the underlying TiN layer. TiN 
barrier films were deposited by Physical Vapor Deposition (P-TiN) and by a Rapid 
Thermal Process (R-TiN). The deposition rates at 220 °C for P-TiN and R-TiN 
substrates were 45 and 62 nm min'1, respectively. The higher growth rate on R-TiN 
was ascribed to an increase in nucleation sites and a higher electron donating capability 
of the substrate. The precursor used for deposition of Cu on these substrates was 
(hfac)Cu(VTMOS) where VTMOS =  vinyltrimethoxysilane.
The Pedestal reactor is well suited to using TiN/Si substrates for deposition as 
compared to the TGA reactor because the substrate is clamped down to the pedestal, 
so that deposition occurs only on the TiN surface. In the TGA reactor deposition 
would occur on the Si surface which is exposed to the reactant gas, leading to 
difficulties in assessing the deposition on the- TiN surface.
The TiN/Si wafers are obtained from Sandia National Research Laboratory, 
New Mexico (courtesy Dr. A.W. Maverick, Dept, of Chemistry, LSU). The active 
TiN surface is deposited on n-type Si(100) wafers by CVD. The thickness of the TiN 
film is 80 nm. Small substrates of area 2 cm2 are cleaved from the wafer. The 
substrates are cleaned in boiling TCE and acetone, followed by a rinse in deionized 
water. The substrates are dried in flowing N2 or He gas before being loaded into the 
reactor for deposition. The other operating conditions for the experiments are given 
in Table 6.5.
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Table 6.5 Operating conditions for solution-delivered CVD on TiN/Si
Operating parameter/Results Value
Substrate TiN/Si, 0.65 mm thick, 
length 1.3 cm x width 1.5 cm
Deposition time 60 min




Cu(hfac)2 partial pressure at inlet 0.652 ±  0.126 Torr
/-PrOH partial pressure at inlet 8.87 ±  1.29 Torr
Hydrogen Pressure 40 Torr
Volumetric flow rate 38 seem




































0.037 ±  0.0015 0.60 ±  0.049 9.69 ±  0.56 1.86 ±  0.31 23 ±  3
100896 0.0384 0.57 9.51 2.52 26
101196 0.0356 0.46 9.64 2.13 32
101496 0.0280 0.31 7.35 2.18 40
0.034 ±  0.0053 0.45 ±  0.13 8.83 ±  1.28 2.27 ± 0.21 33 ± 7
1 - solution-delivered CVD experiments on SS substrates
2 - exit conditions
Solution concentration = 0.4 g/ml 
H2 Pressure = 40 Torr 
Deposition temperature = 300 °C
t—»
The results are given in Table 6.6. Column 1 gives the experiment number. 
Column 2 gives the solution transport rate. Columns 3 and 4 give the Cu(hfac)2 and 
i-PrOH partial pressure at exit conditions. Column 5 gives the substrate deposition 
rate. Column 6 gives the conversion. The results of solution-delivered CVD 
experiments on stainless steel substrates (see previous section) are given for 
comparison.
Deposition rate. The Cu films deposited on the TiN/Si substrates have a 
uniform appearance and are copper-brown in color. The average deposition rate is 2.3 
±  0.21 mg cm2 hr'1. Within the bounds of uncertainty, the deposition rate is 
comparable to the deposition rate of 1.86 ±  0.31 mg cm'2 hr'1 obtained on stainless 
steel substrates. As seen on the stainless steel substrates, the calculated conversion in 
these experiments is high and averages 32.6 ±  7.2 %.
Summary. The preliminary testing of solution-delivered Cu CVD in the 
Pedestal reactor can be summarized as shown:
1. The Pedestal reactor gives reproducible deposition rates. For H2 reduction 
of Cu(hfac)2 the deposition rates in the Pedestal reactor agree well with the results seen 
in the TGA reactor at comparable deposition conditions. However, deposition is 
observed on the pedestal side-wall. The deposition on the side-wall is limited in the 
absence of i-PrOH because the deposition rate is lower. This leads to differential 
conversions of the Cu(hfac)2 reactant in the latter case.
2. The solution delivery system gives reproducible precursor transport rates for 
precursor concentration of 0.5 g ml'1 and below. At higher concentrations the transport 
of the solution though the capillary becomes unstable.
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3. The deposition is at least 5 1/2-fold enhanced due to the addition of /-PrOH. 
However, the higher deposition rates results in excessive deposition on the pedestal 
side-wall leading to conversion in excess of differential. This will limit the study of 
the kinetic effect of alcohols on Cu(hfac)2 reduction.
4. Lastly, deposition of Cu on TiN barrier layer has been successfully 
demonstrated. In the presence of /-PrOH the deposition rates are comparable on 
stainless steel and TiN surfaces.
6.2 Development of new operating procedure
In this section the development of a new operating procedure is described. With 
the successful demonstration of measurable Cu deposition rates on TiN barrier films, 
the operating procedure assures consistency in the TiN deposition surface and the 
precursor quality, which are factors that should affect film deposition strongly. Issues 
like deposition .time (section 6.2.1), substrate etching (section 6.2.2), precursor 
dehydration (section 6.2.3), and H2 pre-treatment time (section 6.2.4) have been 
studied. This leads to an optimum operating procedure and is referred to as the base 
condition.
6.2.1 Deposition time
Deposition time experiments are conducted to determine whether steady-state 
growth is observed over the duration of the deposition time studied. The range of 
deposition time studied is 5 - 65 min. This includes the high deposition time 
experiments discussed earlier in section 6.1.3. The operating conditions for the 
experiments are given in Table 6.7.
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Table 6.7 Operating conditions for the effect of deposition time
Operating parameter/Results Value
Substrate TiN/Si, Area =  2 cm2
Deposition time 5 - 6 5  min




Cu(hfac)2 partial pressure at inlet 0.65 ±  0.092 Torr
i-PrOH partial pressure at inlet 8.50 ±  1.1 Ton-
Hydrogen pressure 40 Torr
Volumetric flow rate 38 seem
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The results of these experiments are given in Table 6.8. Column 1 gives the 
experiment number. Column 2 gives the solution transport rate. Columns 3 and 4 give 
the Cu(hfac)2 and /-PrOH partial pressure at exit conditions. Column 5 gives the 
substrate deposition in mass units. Column 6 gives the conversion.
The effect of time on the substrate deposition is also shown in Figure 6.1. The 
x axis gives the deposition time. The y axis gives the Cu deposition per unit area of 
the substrate. The open symbols give the experimental data. The solid line is a 
quadratic fit to the data constrained to pass through the origin (see below) and is 
included as a visual aid.
From the figure we see that the deposition shows a pronounced upward 
curvature. For time <  0.5 hr the mass deposition shows a linear dependence on time. 
Finite deposition is observed even at a deposition time of 5 min (0.08 hr). This is 
confirmed by plan view SEM studies which show the presence of separate, well formed 
clusters of size 100 - 200 nm. This indicates that induction time if present, is 
very small.
For deposition time >  0.5 hr the growth rate appears to increase. This could 
possibly be due to two reasons. First, the initial deposition of Cu occurs on a TiN 
surface. After the TiN surface becomes covered with copper, subsequent deposition 
takes place over the deposited copper layer. Deposition on metal is generally 
considered to be faster. Secondly, image contrast from the plan-view SEM images of 
films deposited for long time (50 - 60 min) shows that the films have considerable 
roughness. There is also evidence of secondary nucleation of new clusters on top of




































090697 5 (0.08) 0.044 0.917 11.40 0.025 3
090797 10 (0.17) 0.050 1.041 13.0 0.157 8
101896 15 (0.25) 0.037 0.526 8.89 0.50 27
101596 30 (0.50) 0.032 0.396 8.24 1.28 40
101696 30 (0.50) 0.030 0.381 7.09 1.13 33



















Experiment Time, Solution Cu(hfac)2 partial t'-PrOH partial Substrate Conversion
no. transport rate, pressure1, pressure1, deposition,
min (hr) ml/min Torr Torr mg/cm2 %
101496 60 (1.0) 0.028 0.308 7.35 2.18 40
100896 65 (1.1) 0.038 0.567 9.51 2.73 26
1 - at reactor exit
Solution concentration = 0.4 g/ml 
H2 pressure = 40 Torr 
Deposition temperature = 300 °C
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the existing ones. Thus the increased growth rate seen at large deposition times may 
also be due to the higher surface area available for growth.
Growth model. From the above observations we propose that the growth seen 
on the TiN substrate can be divided into two regimes: initial growth on the TiN 
surface, followed by growth on the deposited copper surface. In the first regime 
deposition occurs on the TiN surface. The weight measurements indicate that 
deposition of copper occurs as soon as the experiment starts (i.e. a mass flux of the 
precursor molecules reaches the substrate). There is no nucleation-induced lag time. 
The adsorbed metal atoms then undergo surface diffusion until they reach defect sites, 
where they nucleate to form observable clusters. Deposition on the TiN surface leads 
to a slow growth rate (indicated by the initial slope to the data) to form clusters which 
are detected by the SEM. Further growth on the TiN leads to larger clusters.
At large growth times the clusters begin to cover most of the surface. This 
leads into the second regime, where growth largely occurs on a copper surface (i.e., 
the clusters already present on the TiN surface). This regime is characterized by higher 
deposition rates as the deposition on metal is generally considered to be faster. 
Additionally, growth of the clusters and possible secondary nucleation effects may lead 
to a roughening of the film which in turn creates a larger area leading to even higher 
apparent growth rates.
Fit to the data. There is a lack of quantitative models to explain nucleation 
followed by growth, which is believed to be the governing phenomena in the deposition 
behavior seen here. A linear fit to the data has a slope =  2.75 ±  0.275 mg cm'2 h r1. 
The intercept =  -0.221 ±  0.196 mg cm'2. The standard deviation in the data with
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respect to the fit is 0.307 mg cm'2 which is comparable to that obtained with the 
quadratic fit (see below). However, the linear fit results in an induction time of 4.82 
min. As shown above, finite deposition is observed at a deposition time of 5 min (0.08 
hr). This is additionally confirmed by plan view SEM studies which show the presence 
of separate, well formed clusters of size 100 - 200 nm at this deposition time. On the 
basis of these arguments the linear fit is not used to describe the data.
Instead a quadratic fit is used to model the data. A quadratic fit to the data 
constrained to pass through the origin can be represented as shown:
Deposition (mg cm'2) =  1.86 t (hr) +  0.67 t2 [6.1]
Further, we propose two parameters to explain the observed experimental results. We 
define an initial slope which represents growth on the TiN surface. Secondly, we 
define an average slope which gives a growth rate to achieve a film thickness of 500 
nm which is a typical value for interconnect lines in the industry.
Equation 6.1 yields an initial slope of 1.86 mg cm'2 hr'1 for deposition on the 
TiN surface. Additionally, the time required to achieve a deposition of 0.5 mg cm'2 ( ~ 
500 nm) is calculated to be 0.25 hr. This leads to an average deposition rate of 2.0 mg 
cm'2 h r 1 for initial growth. The standard deviation of the error in the data with respect 
to the fit is 0.310 mg cm'2.
Summary. Thus it is seen that conducting a deposition time sequence provides 
valuable information about nucleation behavior at low deposition time. Data at large 
deposition time is clouded by possible surface roughening effects. Additionally, the
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average deposition rate based on a low deposition thickness of 0.5 mg cm'2 appears to 
provide a useful reference point to compare the effect of operating parameters on 
the deposition.
6.2.2 TiN etch
This section presents the effect of etching the TiN surface before deposition. 
The earlier substrate cleaning procedure consisted of boiling the substrates in solvents, 
which removes organic impurities from the surface of the substrate. The etching step 
on the other hand is a chemical process which removes the top atomic layers of the TiN 
surface, exposing a much cleaner surface for deposition. It is also possible that the 
etching process results in a much rougher surface as compared to the as-deposited 
surface, and/or modifies the chemical state of the surface.
The procedure consists of stirring the substrate in a solution of 5 ml NH4OH, 
5 ml H20 2 and 10 ml of water for 8 min. The etching of the TiN is apparent from a 
visible color change of the substrate. The golden color of the as-deposited substrates 
changes to a dull yellow. The substrate is then washed in deionized water and dried 
in a flow o f N2 before being loaded into the reactor.
The operating conditions for the experiments are given in Table 6.9. 
Rectangular pieces of the etched substrate of roughly 2 cm2 area used for deposition. 
In the light of the effect of deposition time shown in the previous section, the duration 
of these experiments extended from 1 5 - 6 0  min. The concentration of the precursor 
solution is 0.4 g ml'1. Deposition temperature is 300 °C.
The results are shown in Table 6.10. Column 1 gives the experiment number. 
Column 2 gives the deposition time. Column 3 gives the solution transport rate.
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Table 6.9 Operating conditions for the effect of substrate etching
Operating parameter/Results Value
Substrate TiN/Si etched for 8 min, 
Area =  2 cm2
Deposition time 15 - 60 min




Cu(hfac)2 partial pressure at inlet 0.740 ±  0.027 Torr
/-PrOH partial pressure at inlet 9.24 ±  0.348 Torr
Hydrogen pressure 40 Ton-
Volumetric flow rate 38 seem



































120296 15 (.25) 0.0330 0.474 8.76 0.567 32
112696 30 (.5) 0.0366 0.531 9.60 1.12 31
120696 30 (.5) 0.0366 0.405 9.22 1.59 45
120496 60 (1.0) 0.0340 0.370 9.19 3.12 50
1 - at reactor exit
Solution concentration = 0.4 g ml'1 
H2 pressure = 40 Torr 







































Columns 4 and 5 give the Cu(hfac)2 and /-PrOH partial pressure at exit conditions. 
Column 6 gives the substrate deposition. Column 7 gives the conversion.
The effect of the substrate etch on deposition is shown in Figure 6.2. The x 
axis gives the deposition time. The y axis gives the Cu deposition per unit area of the 
surface. The open triangles and the dashed line represents experimental data and its 
quadratic fit (see below) for etched substrates. Similarly, the open squares and the 
solid line represents the data for unetched substrates (discussed in the previous section) 
and has been reproduced here for comparison. From the figure we see that etching the 
substrate before deposition results in a 15 - 20 % increase in the deposition.
Average deposition rate. For the etched substrates a quadratic fit constrained 
to pass through the origin can be written as shown below:
Deposition (mg cm'2) =  2.26 t (hr) +  0.866 t2 [6.2]
The standard deviation of the error with respect to the fit is 0.240 mg cm'2. The initial 
slope is 2.26 mg cm'2 h r1 for deposition on the TiN surface. The time required to 
achieve a deposition of 0.5 mg cm'2 is 0.205 hr. This leads to an average deposition 
rate of 2.44 mg cm'2 h r1 for initial growth.
From the section above, in the absence of the etch process the average 
deposition rate is 2.0 mg cm'2 hr'1. Thus the substrate etching process leads to a 
modest increase of 20% in the deposition rate.
SEM results. Comparison of thin Cu films of comparable thickness ( ~  500 nm) 
deposited on substrates exposed to etching prior to deposition indicate the presence of
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a large number of well defined small grains of size 200 - 500 nm. In the absence of 
the etch, most of the surface is covered with clusters of size 1000 nm that contact each 
other, although areas of bare substrate still appear to be present. This indicates that the 
etching process leads to a TiN surface which facilitates nucleation. This leads to a 
large number of small clusters.
For thick films corresponding to a thickness of 1.5 mg cm'2 (~  1500 nm), the 
grain size is 1000 nm and is typically 50% lower as compared to the unetched 
substrate. This may imply that the nucleation history of the film determines the growth 
rate at higher deposition times. The extensive nucleation sites formed during the initial 
phase of deposition possibly leads to dense, closely packed clusters that expose a 
uniform area for the second phase of higher growth (see growth model in the previous 
section).
6.2.3 Precursor hydration
This section describes the effect of precursor hydration on substrate deposition. 
The effect of precursor hydration is studied to identify the effect of water that could 
enter the process with the precursor. The precursor Cu(hfac)2*nH20  is dehydrated in 
a vacuum desiccator over concentrated H2S04 or P20 5 till the color of the material 
changes from lime-green to a deep blue-green color. The dehydrated precursor was 
supplied by Mr. Hui Fan at the Department of Chemistry, LSU. The precursor is next 
dissolved in /-PrOH to obtain a 0.4 g ml'1 solution. The solution is filtered and then 
introduced into the glass reservoir of the injection system. The solution is kept under 
a He blanket and is used for 3 - 4 experiments. The effect of precursor hydration is 
studied by the addition of measured amounts of deionized water to the filtered solution
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of dehydrated precursor. The hydration ratios studied are 0:1, 1:1, and 2:1 mole of 
H20:mole of dehydrated Cu(hfac)2 precursor.
The operating conditions of the experiments are given in Table 6.11. The 
substrates are subjected to the etch process before being loaded into the reactor. The 
deposition times extend from 5 - 5 5  min. The concentration of the precursor solution 
is 0.4 g ml'1. The hydration ratios studied are 0:1, 1:1, and 2:1.
The results of these experiments are shown in Table 6.12 . Column 1 gives the 
experiment number. Column 2 gives the hydration ratio. Column 3 gives the 
deposition time. The results of hydration ratio 0:1 are shown first for different 
deposition times. This is followed by hydration ratio 1:1 and 2:1, respectively. The 
data sets are separated by a double line. Column 4 gives the precursor solution 
transport rate. Columns 5 and 6 give the partial pressures of Cu(hfac)2 and /-PrOH at 
exit conditions. Column 6 gives substrate deposition and column 7 gives the 
conversion.
The effect of precursor hydration on substrate deposition is shown in Figure
6.3. The x axis gives the deposition time. The y axis gives the net Cu deposition per 
unit substrate area over this time. The open symbols give the experimental data. The 
lines are quadratic fits to the data (see below) and are provided as a visual aid.
The dehydrated precursor (H20:Cu(hfac)2 =  0:1) gives the highest deposition 
over the entire range of deposition time. A significant difference does not exist in the 
deposition between the 1:1 and 2:1 hydrated precursor. Overall, the dehydrated 
precursor gives a higher deposition rate.
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Table 6.11 Operating conditions for the effect of precursor hydration
Operating parameter/Results Value
Substrate TiN/Si etched for 8 min, 
Area ~  2 cm2
Deposition time 5 - 5 5  min




H20:Cu(hfac)2 hydration ratio 0:1 (dehydrated precursor), 
1:1 and 2:1
Cu(hfac)2 partial pressure at inlet 1.04 ±  0.126 Torr
/-PrOH partial pressure at inlet 12.7 ±  1.58 Torr
Hydrogen pressure 40 Ton-
Volumetric flow rate 38 seem






































090597 0:1 5 (0.08) 0.040 0.540 10.9 0.265 38
090497 0:1 10(0.17) 0.540 0.670 11.9 0.466 30
051597 0:1 12.5 (0.21) 0.058 1.031 14.7 0.337 13
051497 0:1 25 (0.42) 0.042 0.426 11.7 2.17 55
051297 0:1 55 (0.92) 0.042 0.391 12.2 5.68 60
052997 1:1 12.5 (0.21) 0.050 0.860 11.8 0.245 10
053097 1:1 25 (0.42) 0.047 0.810 13.0 0.947 22






































052397 2:1 12.5 (0.21) 0.048 0.940 13.0 0.24 10
052097 2:1 25 (0.42) 0.042 0.670 11.9 1.16 30
052197 2:1 55 (0.92) 0.042 0.740 12.3 2.47 25
1 - at exit conditions
2 - moles of water: moles of dehydrated precursor
Solution concentration = 0.4 g ml'1 
H2 pressure = 40 Torr 
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Average deposition rate. The quadratic fits to the experimental data are shown 
below. The hydration ratio is given in the extreme left, while the standard deviation 
of the fit (SyJ in units of mg cm'2 is indicated on the right.
0:1 Deposition (mg cm'2) =  2.78 t (hr) +  3.79 t2 Syx =  0.285 [6.3]
1:1 Deposition (mg cm'2) =  0.67 t (hr) +  3.54 t2 = 0.066 [6.4]
2:1 Deposition (mg cm'2) =  2.08 t (hr) 4- 0.68 t2 Sy3l = 0.283 [6.5]
The average deposition rates for achieving a film thickness corresponding to a
deposition of 0.5 mg cm'2 is shown below:
Precursor hydration (mole:mole) : 0:1 1:1 2:1
Average deposition rate (mg cm'2 h r 1): 3.33 1.72 2.27
Thus dehydration of the precursor results in a 40% increase in the average deposition.
SEM studies. Plan view SEM images show that with the dehydrated precursor 
for films less than 500 nm ( ~  0.5 mg cm'2) thick, the clusters are isolated and well 
formed. With the hydrated precursor, films of comparable thickness have a much 
higher cluster density. This results in complete coverage of the substrate surface. The 
lack of contrast in these images suggests that the clusters are not very thick. This 
suggests that the presence of small quantities of water promotes nucleation. However,
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the lower initial growth rates suggest that the presence of water slows down further 
growth.
The individual clusters seen with the dehydrated precursor grow with deposition 
time, and for film thickness between 500 and 1000 nm most of the surface is covered 
with clusters that contact each other, although areas of bare substrate still appear to be 
present. Above 1500 nm the films appear to be fully continuous. For very large 
thickness (ca., >  5000 nm), film delamination is observed, along with other indications 
of stress-induced distortion of the films.
Resistivity measurements. Film resistivity measurements for the dehydrated 
precursor experiments is consistent with the morphology sequence described above. 
Very thin films (thickness <  500 nm) give high resistivity values (typically >  100 fiQ- 
cm), consistent with conduction through a mostly discontinuous film. Continuous films 
show measured resistivities in the range 2 - 4  jiQ-cm. The difference from bulk 
resistivity (1.68 piQ-cm) is most likely due to void separation betwedn the neighboring 
clusters. For the very thick delaminated films the measured resistivity begins to 
increase (ca. 10 - 20 (iQ-cm).
Impurity composition. Limited X-ray Photoemission Spectroscopy (XPS) 
measurements (courtesy Dr L.D. Schmidt, University of Minnesota) indicate the 
presence of 3 - 5 atom% of C and O impurities in the films after sputtering of the top 
layers. These impurities can also contribute to the film resistivity.
Summary. Thus we see that the extent of precursor hydration plays a very 
important role in determining the deposition rate. Exposure of the precursor solution 
to air or improper mode of storage can lead to absorption of moisture and hence
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degradation of the precursor quality. This may also account for some of the scatter 
seen in the reported data.
6.2.4 Pre-treatment time
This section presents the effect of the H2 pre-treatment time on the substrate 
deposition. In the existing procedure, prior to the deposition experiment the substrate 
is kept at a temperature of 400 °C for 60 min in the reactor at a H2 flow rate of 38 
seem and pressure = 40 Torr. The in-situ H2 pre-treatment at 400 °C was introduced 
in the first place to partially reduce any surface oxide present on the substrate. It may 
also affect the hydrated state of the substrate. A shortening of the pre-treatment time 
would result in a large saving in the total time required for the experiments, especially 
since deposition is best limited to short times. From an industrial perspective this 
would amount to large savings in the time and temperature budgets.
In these experiments the H2 pre-treatment time is cut down to 10 minutes. The 
remaining operating conditions remained unaltered. The substrate is etched before 
loading into the reactor. The precursor is dehydrated. The concentration of the 
precursor is 0.4 g ml'1. Deposition times extend from 5 - 5 0  min. The remaining 
operating conditions of the experiments are given in Table 6.13.
The results of the experiments are given in Table 6.14. Column 1 gives the 
experiment no. Column 2 gives the experiment duration. Column 3 gives the solution 
transport rate. Columns 4 and 5 give partial pressures of Cu(hfac)2 and t'-PrOH at the 
exit. Column 6 gives the substrate deposition. Column 7 gives the conversion.
In Figure 6.4 the effect of the 10 min pre-treatment on deposition is compared 
with the 60 min pretreatment results described in the previous section. The x axis gives
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Table 6.13 Operating conditions for the effect of H; pre-treatment time
Operating parameter/Results Value
Substrate TiN/Si etched for 8 min, 
Area =  2 cm2
H, pretreatment 400 °C for 10 min
Deposition time 5 - 5 0  min




Cu(hfac)2 partial pressure at inlet 0.963 ±  0.10 Torr
i-PrOH partial pressure at inlet 12.2 ±  1.39 Ton-
Hydrogen pressure 40 Torr
Volumetric flow rate 38 seem




































071697 5 (0.08) 0.06 0.93 14.3 0.246 18
071197 10 (0.17) 0.050 0.78 11.6 0.318 16
070997 15 (0.25) 0.046 0.59 11.3 0.889 35
070897 20 (0.33) 0.042 0.63 10.5 0.806 25
070797 25 (0.42) 0.052 0.79 12.9 1.18 23
063097 50 (0.83) 0.039 0.45 10.6 3.20 47
061797 50 (0.83) 0.044 0.46 11.7 4.52 51
1 - Exit conditions
Solution concentration = 0.4 g ml'1 
H2 pressure = 40 Torr 





































052397 2:1 12.5 (0.21) 0.048 0.940 13.0 0.24 10
052097 2:1 25 (0.42) 0.042 0.670 11.9 1.16 30
052197 2:1 55 (0.92) 0.042 0.740 12.3 2.47 25
1 - at exit conditions
2 - moles of water:moles of dehydrated precursor
Solution concentration = 0.4 g m l1 
H2 pressure = 40 Torr 
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deposition time. The y axis gives the net Cu deposition per unit substrate area over this 
time. The open circles and the dashed line represents experimental data, and its 
quadratic fit (see below) for the 10 min pretreatment experiments. Similarly, the open 
squares and the solid line represents the 60 min pretreatment experiments.
From the figure we see that decreasing the pretreatment time from 60 to 10 
minutes leads to lower deposition over the entire range of deposition time. At the 
higher end of deposition time the decrease is roughly 20%.
Average deposition rate. For the 10 min pretreatment experiments, a quadratic 
fit restrained to pass through the origin can be written as shown below:
Deposition (mg cm'2) =  1.56 t (hr) +  3.69 t2 [6.6]
The standard deviation of the error with respect to the fit is 0.440 mg cm'2. The 
initial slope is 1.56 mg cm'2 hr'1 for deposition on the TiN surface. The time required 
to achieve a deposition of 0.5 mg cm'2 is 0.225 hr. This leads to an average deposition 
rate of 2.22 mg cm'2 hr'1. From the section above, for the 60 min pretreatment 
experiments the average deposition rate is 3.33 mg cm'2 h r1. Thus reducing the H2 
pretreatment time results in a 30% decrease in the deposition rate.
SEM studies. Plan view SEM results of the 10 min pretreatment films of 
thickness >  500 nm show a much lower cluster density as compared to the 60 min 
pretreatment. This indicates that the lower pretreatment time possibly results in 
incomplete treatment of the surface. Film nucleation in the early stages of growth is
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difficult in the areas which are not reduced prior to deposition leading to lower 
deposition.
Discussion. The development of the operating procedure leads to an optimized 
set of operating conditions that includes substrate etching, H2 pretreatment for 60 min, 
and precursor dehydration. A time-sequence is also recommended, with a focus 
towards low deposition time. These optimized conditions are termed as base 
conditions. Table 6.15 compares the deposition rate obtained at the base conditions 
with that obtained with other conditions described above. For example, operating at 
the base case conditions gives the highest average deposition rates of 3.33 mg cm'2 hr'1. 
Decreasing the pretreatment time to 10 min lowers the deposition to 2.22 mg cm'2 hr'1. 
Similarly, excluding the precursor dehydration step or the substrate etching results in 
lower deposition rates as shown.
6.4 Conclusions
In summary we can draw the following conclusions from the study of solution 
delivered CVD of Cu using Cu(hfac)2 in the Pedestal reactor:
1. The Pedestal reactor gives reproducible deposition rates. At active reaction 
conditions, deposition on the pedestal wall can lead to conversions exceeding the 
differential limit.
2. The liquid injection system gives reproducible precursor transport rates for 
precursor concentration of 0.5 g ml'1 and below. At higher concentrations the transport 
though the capillary becomes unstable. The ability to introduce solutions of high 
precursor concentration over a wider range of flow rates needs to be incorporated.

















Table 6.15 Comparison of growth rates
Condition Initial rate Average rate
(mg cm'2 h r1) (mg cm'2 h r1)
Base condition1 2.78 3.33
10 min pretreatment 1.56 2.22
Hydrated precursor 2.26 2.44
Unetched substrate 1.86 2.00
'Base conditions:
Tjubjinuc = 300 °C
*̂cu(hfac)2 1.0 Torr, Pj.ptOH = 12 Torr, Ph2 =
Substrate = TiN/Si with NH40H/H20 2 etch
1'pre-utai = 400 °C, Ipre-ireai ~  60 min
Precursor = dehydrated
Solution concentration = 0.4 g ml'1
40 Torr
3. Addition of /-PrOH leads to a 5 1/2 fold increase in the deposition rate. 
However, the higher deposition rates results in excessive deposition on the pedestal 
side-wall leading to conversion in excess of differential. This limits the study of the 
kinetic effect of alcohols on Cu(hfac)2 reduction. Modifications in the reactor are 
necessary for kinetic studies under differential conditions.
4. The development of an operating procedure leads to optimum base operating 
conditions that yield uniform, clean films of copper at high deposition rates. The 
hydration state of the precursor and the quality of the deposition surface have a 
significant effect on deposition.
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CHAPTER 7 
CONCLUSIONS AND RECOMMENDATIONS
This chapter summarizes the research done in this dissertation and presents the 
conclusions based on this research. Recommendations for future work are suggested.
7.1 Achievements and conclusions
H, reduction of CufhfacY,. We have studied the kinetics of copper CVD using 
H2 reduction of the Cu(hfac)2 precursor. A hot-wall TGA reactor system with an in-situ 
microbalance was assembled for this purpose. Steady-state deposition have been 
quantified. For base case conditions of 2 Torr Cu(hfac)2, 40 Torr H2, and 300 °C, a 
growth rate of 0.5 mg cm'2 hr'1 (ca. 10 nm/min) is observed. A Langmuir- 
Hinshelwood rate expression is defined to describe the observed kinetic dependencies 
on Cu(hfac)2, H2, and H(hfac). A mechanistic model is proposed to explain the 
observed results. We have compared the rate constants obtained, with available values 
of similar steps from the literature, and have demonstrated the commonality of steps in 
the Cum and Cu® precursor chemistry.
The following conclusions can be drawn from this work:
I. The dependence of deposition rate on Cu(hfac)2 partial pressure goes through 
a maximum at a partial pressure of 2 Torr.
2. Deposition rate shows an overall half-order dependence on H2 partial 
pressure.
3. H(hfac) inhibits steady-state growth. Product inhibition will have a 
significant effect on the deposition rate if the reaction is performed at conversions above
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50%. Accumulation of H(hfac) product has a stronger effect on film nucleation and 
selectivity as compared to steady-state growth.
4. A Langmuir-Hinshelwood rate expression can be successfully used to explain 
the kinetic results.
5. The rate limiting step in the proposed mechanism is the surface reaction 
between the adsorbed H atom and the first (hfac) ligand of the adsorbed Cu(hfac)2 
molecule.
Alcohol-assisted CVD. We have investigated the role of alcohols in enhancing 
the Cu deposition rate using H2 reduction of Cu(hfac)2. The effect of three alcohols has 
been quantified. These studies were done with a modification of the TGA reactor. 
Addition of z-PrOH results in a six fold increase in the deposition rate with a maximum 
of 3.3 mg cm'2 h r1 (ca. 60 nm m in1) at 5 Torr z-PrOH, 0.4 Torr Cu(hfac)2, 40 Torr 
H2, and 300 °C. We have extended the Langmuir-Hinshelwood rate expression to 
describe the dependency on alcohol partial pressure. A qualitative mechanistic model 
based on the ordering of the aqueous pfL, values of the alcohols is proposed to explain 
the observed results.
In summary we see can draw the following conclusions about alcohol-assisted 
Cu(hfac)2 CVD:
1. The relative effectiveness of the alcohols for deposition on the stainless steel 
substrate decreases in the order:
z-PrOH (1.0) >  EtOH (0.5) >  MeOH (0.36)
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2. The percentage increase in the wall deposition is significantly higher than the 
substrate deposition. The enhancement in the wall deposition is comparable for the 
three alcohols studied.
3. H2 and alcohols play an additive role in the reduction of Cu(hfac)2. H2 plays 
a dominant role at z'-PrOH partial pressure <  10 Torr. z-PrOH becomes the dominant 
reducing agent at partial pressure > 10 Torr.
4. An extension of the Langmuir-Hinshelwood rate expression developed for 
H2 reduction can be successfully used to account for the alcohol-assisted deposition 
rates. The net rate of deposition can be contributed to two individual rates: that due 
to H2 reduction and an additive component due to alcohol.
5. The rate limiting step in alcohol-assisted CVD of Cu(hfac)2 is proposed to 
be the H+ transfer between the OH group of the adsorbed alcohol and the first 
dissociated (hfac) ligand of the adsorbed Cu(hfac)2 molecule.
6. The ordering in the enhancement of the deposition rate using the alcohols 
correlates well with the aqueous pK, values of the alcohols.
Warm-wall Pedestal reactor. We have built a warm-wall Pedestal reactor system 
to extend the study of alcohol-assisted CVD. We have also designed a liquid injection 
system to transport liquid precursors. Combining the two, we have successfully 
demonstrated Cu deposition on TiN barrier layer substrates. We have further 
established an operating procedure for the experiments which incorporates deposition 
time-sequence, substrate etching, precursor dehydration, and H2 pre-treatment. With 
this operating procedure we have achieved uniform, clean films of copper at a base case 
deposition rate of 65 nm min'1.
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In summary we can draw the following conclusions from the smdy of z-PrOH 
assisted CVD in the Pedestal reactor:
1. The Pedestal reactor gives reproducible deposition rates. At active reaction 
conditions, deposition on the pedestal wall leads to conversions exceeding the 
differential limit.
2. The liquid injection system gives reproducible precursor transport rates for 
precursor concentration of 0.5 g ml'1 and below. At higher concentrations the transport 
though the capillary becomes unstable. The ability to introduce solutions of high 
precursor concentration over a wider range of flow rates needs to be incorporated.
3. Addition of z-PrOH leads to a 5 1/2 fold increase in the deposition rate. 
However, the higher deposition rates results in excessive deposition on the pedestal 
side-wall leading to conversion in excess of differential. This limits the study of the 
kinetic effect of alcohols on Cu(hfac)2 reduction. Modifications in the reactor are 
necessary for kinetic studies under differential conditions.
4. The development of an operating procedure leads to optimum base operating 
conditions that yield uniform, clean films of copper at high deposition rates. The 
hydration state of the precursor and the quality of the deposition surface have a 
significant effect on deposition.
7.2 Recommendations
The recommendations for future work apply to the continued work on alcohol- 
assisted CVD of Cu using Cu® precursors. Recommendations are suggested for 
equipment modification, operating procedure, and future experiments.
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Equipment modification. In the light of the information gathered over the 
course of this dissertation, modifications to the reactor and the solution delivery system 
are recommended as shown:
Reactor. For kinetic experiments at optimum deposition conditions a 
modification of the reactor is recommended. For these experiments the deposition 
needs to be restricted to the substrate. This is difficult with the existing system of 
substrate heating. Hence, a modification of the substrate heating is recommended by 
switching to a lamp heated design. In this design the substrate is heated by a focussed 
beam of light from a mercury vapor or infra-red lamp. This would require 
incorporation of transparent windows into the stainless steel cross enclosing the pedestal 
and an alternate way of measuring the substrate temperature.
Solution delivery. To be able to. introduce solutions of high precursor 
concentration over a wider range of flow rates a modification to the existing solution 
delivery system is recommended. The glass reservoir of the injection system needs to 
be replaced by a metering pump which can deliver constant low volumetric flow rates 
through the capillary at varying discharge pressure. This would allow highly viscous 
solutions of the precursor to be introduced into the flow system over a wide range of 
flow rates.
Operating procedure. The recommendations for operating conditions of 
deposition time, substrate cleaning, and film characterization are discussed below:
Deposition time. The current work has shown that deposition shows a non­
linear dependence on time. We believe that this is due to the excessive roughness of 
the growing film. Additionally, a typical thickness of interconnect lines used in the
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industry is 500 - 1000 nm. Hence it is fitting that future kinetic experiments be 
restricted to deposition times that yield a film thickness not exceeding 1000 nm.
Substrate cleaning. Our results show that the etch procedure results in a modest 
increase in the deposition rate. It is recommended that the substrate cleaning be taken 
a step further by an in-situ etch just prior to deposition. Nitrogen trifluoride (NF3) gas 
has been promoted for the cleaning of TiN and other metal surfaces in a plasma or as 
a thermal clean. The feasibility of this or a similar method that could be integrated 
easily into the current apparatus without posing health or toxicity hazards needs to 
be probed.
Film characterization techniques like SEM, resistivity measurement, and Auger 
and/or XPS need to be made routine. Besides enhanced deposition rates, a well 
controlled film microstructure and low resistivity are of crucial importance. The above 
techniques can give useful information about the effect of the operating conditions on 
the film properties of interest.
Future experiments. With the recommendations suggested above, the next step 
would be kinetic experiments under differential conditions to obtain a precise 
understanding of temperature, and /-PrOH, Cu(hfac)2, and H2 partial pressure on 
the deposition.
Secondly, morphology plays an important role in determining the electrical 
properties of the deposited film. Grain size and film growth are also crucial issues in 
determining the feasibility of deposition in high aspect ratio vias. Both of these issues 
are closely tied to the nucleation behavior that is onset in the early stages of deposition. 
It is recommended that a thorough study of the effect of operating variables on
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nucleation behavior be made at very low deposition times. The microbalance used in 
the TGA could be used to quantify these low depositions.
Lastly, parallel research in this laboratory is being conducted to assess the 
feasibility of other Cu® precursors for CVD. It would be of interest to determine the 
role of alcohols on the H2 reduction of these precursors.
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